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I N TRODUCTION 
Both  i ro n  and ma n g an ese are present i n  i n s o l ub l e  forms i n  
s i g n i f i c a n t  amoun t s  o f  near ly  a l l so i l s .  I ron  exi s t s  i n  so i l s  and  
mi n er al s mai n l y  as i n s o l ub l e  fer r i c oxi de  (Fe203 ) and i ron  su l fi de 
( FeS2 ) wh i l e  man g a n e s e  exi s t s  pr i m ar i ly i n  t he so i l as  i n so l ub l e  
man g an e s e  d i oxi de  (Mn02 ) (1 5 ) . 
G roundwaters often con t a i n con s i derab l e  amoun t s  o f  c arbon 
d i oxi de and und e r  anae rob i c  cond i t i on s , t he ferr i c an d man g ani c com­
pound s are reduc ed by the s l i ght l y  ac i d i c  water to the i r s o l ub l e  
fe rrous and man g a nous states , and so l ut i on occurs w i t hout d i ff i cu l ty 
( 8 ) (12 ) (15 ) .  The deve l o pme n t  of an aerob i c  co nd i t i o n s  i s  es s e n tial  
for app rec i ab 1 e amoun t s  of  i ro n  and  man g anese to g ai n en t r an c e  to  a 
water supp l y . For t h i s rea son , groundwaters usu a l l y  co n ta i n muc h 
h i g he r  con centrat i on s  o f  i ro n  and manganese than  d o  surface waters 
(1 5 ) . 
An oxi d at i o n proces s i s  the bes t me thod for removi n g  so l ub l e  
i ro n  and man g an e s e . Dur i n g  an oxi d at i on proce s s , t h e  so l ub l e  ferrous 
(F e+2 ) and mang anous (Mn+2 ) compound s  wi l l  be conver ted to fer r i c  
(F e+3 ) an d man g a nic (Mn+ 4 ) prec i p i tates 
(F e(OH ) J ) and Mn02 (1 5 ) . 
suc h  a s  fer r i c  hyd roxi de 
Human s  suffe r no k nown h armful effects  from d r i n k i ng waters 
con t a i n i ng i ro n  and man g an es e . However , for econ om i c and aes t het i c  
re ason s ,  the  1962  water qual i ty s t an d ard s es t ab l i s hed  by t h e  U n i ted 
S tates Pub l i c  Hea l t h  Serv i ce (U SPHS ) recommended maxi mum i ron an d 
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man g anese  co n c en t r at i o n s  of 0. 3 and 0 . 05 mg /1 res pe c t i v ely (13). 
Fu rthermo r e , t h e  go al of  t he Amer i c an Water Works Ass o c i at i on (AWWA) 
i s  to m a i n t ai n l e ve l s of i ron and
- mangan es e  b e l ow 0 .05 an d 0 .0 1  mg / 1  
res pec t i ve l y  (3). 
I ro n  and manganese  concentrat i on s  i n  exces s o f  t h e  U SPHS l i m i ts 
are ob je c t i o n ab l e  for the fo l l owi ng reaso n s  ( 1 ) (2 ) (3) (15) (17 ) : 
1. The prec i p i tat i on of i ron and man g a n e s e  al ters the 
app e a r an c e  of  wa ter , turn i ng i t  a ye l l ow - b rown to b l ack . 
2 .  I ro n  and man g anese  prec i p i tates c au s e  b l ack  and b rown s t a i n s  
o n  l aund ry a n d  po rce l a i � p l umb i n g  f i x t u res . 
3. C l o no t h r i x and C renothr i x ,  whi c h  are commo n l y  c a l l ed i ron 
bac ter1a , use i ro n  and man g anese i n  t h e i r me tabol i sm .  I f  
smal l amo u n t s  (0 .1 mg /1) of i ron and ma n g an e s e  are al l owed 
to e n t e r  the d i s tri b u t i  on sys tern , these  forms of 1 i fe may 
th r i ve and c a u se s l i mes wh i c h wi l l , i n  t u r n , red uce the 
effec t i ve area of d i s t r i bu t i on p i pes , c l og me ters , and 
ob s t ru c t  v a l ves . 
4 .  When  t h e  b ac te r i a l  growths  d i e  off and d ec ay ,  tas te  and odor 
prob l ems occ u r . 
5 .  I nc re a s ed f l ow rates freq uen t l y  res u spen d  i ro n  and man g anese  
depo s i ts , re s u l t i n g i n  h i g h  t u rb i d i te s . 
6 .  I ron - and man g an ese-bear i ng waters may i mp a r t  a d i s ag reeab l e  
co l o r or tas te to bever ages a s  we l l  a s  form i n g  a d ark  de­
po s i t o n  vegetab l e s d u r i n g  cook i n g .  
7. W ater con t a i n i n g i ron and mang anese i s  u n s u i t ab l e for many 
i nd u s t r i a l  proces ses i n c l ud i n g paper man u fac t u r i n g , dyei n g , 
b l e ac h i n g ,  an d f i l m  deve l op i n g . 
B. I ron and manganese t hemse l ves , i n  concen t r a t i o n s  greater 
than a few mi  1 1  i g rams per 1 i te r ,  w i  1 1  i mp a r t  a me ta 11 i c or 
bi tter  tas te to the  water . 
The c i ty of S i o u x  Fal l s , So uth  D ak ot a  o b ta i n s  i t s wate r s u p p l y  
from the B i g  S i o u x  aq u i fer bel o� a n d  ad j acen t  to the B i g  S i o u x R i ver 
no r t h  of  S i o u x  Fa l l s .  W h i l e  there are two s u r face s up p l y  i n t ak e s  on  
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the d i vers i on c an a l , the  c i ty mai n ly d epend s on a f i e l d o f  3 4  wel l s  to 
pro vi de the water needed . Bec a u se the raw water gene r a l l y  h a s  i ron  
con c en t rat i on s  i n  t h e  range of  3 . 0  to  6 . 0  mg /1 and manganese  con ­
cen t r at i on s  i n  t he ran ge o f  2 . 0 to 2.6 mg /1 ,  the  treatmen t  proces s i s  
de s i gned pr i m ar i ly  to remo ve i ron  and man g an es e . The c i ty pres e n t l y  
empl oy s  prec h l o r i n at i o n , l i me so ften i ng ,  f l occu l a t i on , rec a rbon at i on , 
ch l o r i n at i o n , f l uo ri d at i o n , an d f i l trati on . I ro n  and manganese  l e vel s 
i n  the fi n i s hed water  comp l y  wi t h  the U SP HS recommen d ed s t a n d a rd s .  A 
·-
de tai l ed des c r i p t i o n  o f  the  treatmen t  proc e s s  i s  pro v i ded  i n  Append i x  
I .  
The pu rpose  of t h i s s tudy was to determi n e  t h e. fe a s i  b i  1 i ty of 
u s i ng ozon a t i o n  fo l l owed by f i l t r at i on to remo ve i ro n  and  ma n g an es e . 
A sm al l sc a l e p i l o t  p l an t was u t i l i zed to gen e r ate an d expose  the 
ozone  to the r aw w a te r .  The fi l ter med i a and fi l te r i n g  rates emp l oyed 
du r i n g  the pi l o t stud i e s were i den t i c a l  to those  u sed at the S i o u x  
Fal l s  W ater Treatmen t  P l a n t . 
L I TERATURE R EV I EW 
Ozo n e  i s  a very effec t i ve d i s i n fec t a n t  fo r d r i n k i n g water 
su ppli e s . B as ed upon  a comprehen s i ve re v i ew of  t h e  l i ter ature , 
S toeb ner ( 17 )  po i n ted o u t  a number of ad v an t ages and d i s ad v a n t ages  of 
treat i n g g ro u ndwater w i th  ozon e . 
As  an alt er n a t i ve d i s i n fec tant  for a gro u ndwater  s u pp l y , ozone 
has s i x d i s t i n c t  ad v an t ages : 
1 .  Ozo n e  prec i p i tates i ron-and man g anes e .  
2 .  Ozone  red u ce s  the  po te n t i al fo r tri h alome t hane  form a t i o n . 
3 .  Ozone  red uces th e c hlori n e  demand of water . 
4 .  Ozone  i s  un surp assed for des troy i ng b ac ter i a , v i ru ses , 
pat hogen s ,  an d spores . 
5. Ozo n e  effe c t i vely red u ces t a s te , odor , and colo r . 
6 .  Ozo n e  des troy s  organ i c  po l lutan ts i nclud i n g pe s t i c i d e s . 
As an al te r n at i ve d i s i n fectant for a gro undwat er supp l y , there 
ar e fo u r  fac to rs  as s oc i ated wi t h  ozone  that  may be con s i d ered 
d i s ad v an t ages : 
1 .  Ozo n e  does  not  pro v i de a las t i n g  re s i d u a l t o  guard aga i n s t  
reco n t am i n at i on i n  t h e  d i str i bu t i o n  sys tem . 
2 .  Ozo n e  decompo ses very rap i dly mak i n g l o n g  con t a c t  t i me be t ­
ween  t h e  water and the d i s i n fec t ant  d i f f i c u lt t o  ach i e ve . 
3 .  Ozone  mus t be prod uced on s i te and re l a t i vely e l abor ate 
gen e r a t i n g equi pmen t  i s  requ i red . 
4 .  Ozo n at i o n gener a l ly has  a h i gher to t al co s t  t h a n  does 
ch l o r i n at i on . 
Ozo n e  w i  1 1  reac t wi th red uced me ta 1 s and o r g a n i c  mate r i a 1 i n  
gro u ndwate r .  S i nce  t h e  amou nt  of organ i c  matter i n  t h e  S i o u x  F all s 
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gro undwater  i s  re l a t i v e l y  smal l ,  the pr i mary ozone  dem and  i s  exerted 
by the  i ro n  and m an g an es e .  Con s i d er i n g  the i ron and man g an e s e  i n  t he 
water , t h e  fo l l ow i n g  equat i on s  represen t the reac t i o n  o f  ozone w i th  
the  meta l s u nd er n e a r - neut r a l  cond i t i on s  ( 10 ) : 
OJ + 2 Fe+2 + SH20 
OJ + M n+2 + H20 
02 + 4 H+ + 2 Fe ( OH ) J 
Mn02 + 02 + 2� 
( 1 )  
( 2 )  
T hese  equat i on s  i nd i c ate that  0 . 4J mg/ 1  o f  ozone  wou l d  react 
wi t h  one mg / 1  i ro n, an d 0.  87 mg / 1  ozone wou 1 d react  wi t h  one  mg /1  
·-
man g an es e . B as ed on t h e  waters con t ai n i n g 4 .  0 mg / 1  o f  i ron  and 2 .  J 
mg /1  man g ane s e ,  and no exces s of ozon e , the theor e t i c a l  ozone requi re-
ment wou l d  be : 
4 . 0 mg / 1  X 0 . 4J = 1 . 72 mg / 1  
2 . 3  mg /1  X 0 . 87 = 2 . 00 mg/1  
J . 72 mg / 1  
O ther con s t i tue n t s  i n  t h e  water , suc h as  su l f i d es , b ac ter i a ,  and 
or g an i c s wi 1 1  a l so  exert  an add i t i on al ozone  demand . Howe v er , t h i s  
deman d  i s  expec ted to be muc h l ower t h an the comb i ned i ron  and man g a -
ne se demand . In add i t i o n , an exce s s  of ozone i s  requi red under 
neut r a l  cond i t i o n s  to pro v i de  enoug h force to d r i ve the  re ac t i on s  to 
comp l e t i o n . Thus , the ac tu al  ozone demand wi l l  e xceed J . 72 mg / 1 . 
I n  1980 K i rk ( 10 )  p ro v i ded a comprehen s i ve ac coun t of a pi l o t 
p l an t s tudy co n d u c ted at the c i ty of New U lm ,  M i n n e s o t a  to determi n e  
t h e  ozone do s age nec e s s ary to  reduce t h e  i ro n  an d man g an e s e  con te n t  of 
the water to w i t h i n ac cep t ab 1 e 1 i mi ts . The raw w a ter co n ta i ned 0 .  4 
mg / 1  i ron  and 1 . 5  mg / 1  man g anese . 
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The p i l o t pl a n t  was  s i zed to treat a 1 gpm s i d e s t�eam o f  the 
raw water b e i n g  treated at the  fi  1 ter p 1 an t. The p i  1 o t  p 1 a n t  con ­
s i s ted o f  a l aboratory mod e l  ozo n e  gener a tor , a g l a s s  co l umn con ­
tact i n g u n i t ,  and  a f i l ter  u n i t .  The fi l ter  con t a i n ed 12 i n ches  of 
gr aded gravel , 22  i n c h e s  of s and , and 8 i n ches o f  an t h rafi l t .  
Ozone  concen t r at i o n s  i n  the ai r stream admi tted t o  t h e  co n t ac t  
un i t  were v a r i ed a t  per i o d i c  i n te rv a l s by chan g i n g  t h e  power sett i ng  
on the ge ner ator. W ater s amp l e s were taken d ai l y  and  s h i pped to a 
pr i v ate l aboratory for an a l y s i s .  
Ki rk fo u n d  t h a t  trea t i n g  the  raw wate r wi t h  2 . 6  mg/1 ozon e ,  
us i n g a con t ac t t i me o f  n i n e mi n u tes , removed t h e  i ro n  and man g anese  
to  bel ow the U SP H$ s t an d ard s . F i l t r a t i o n  stud i e s i nd i c ated  that  the 
abo ve grad a t i o n fu n c t i o n ed s a t i s f ac tor i l y  to remo ve co l l o i d a l man g a ­
ne se a n d  i ro n . Al so , a f i l t r at i on rate o f  2 gpm/ft2 w a s  fo u nd to be 
ad equ ate . 
S i nce  ozon at i o n ox i d i zes organ i c  ma tter and prec i p i t ates i ron  
and man g anese , ozone  treatme n t  of water  sho u l d  red u c e  t h e  c h  1 o r i  ne 
dem and of the water . I n  New U l m ,  as a resu l t  of o zon at i o n , K i r k  (10) 
co n c l uded th at no ap p rec i ab l e  c h l or i ne demand was exerted by the 
tr eated water , an d the refore , ch l or i n e app l i c at i on s  suffi c i en t  to 
mai n t a i n a re s i d u a l w a s  a l l t h at w a s  req ui r ed . 
Fur g ason  and Day ( 6 ) pu b l is hed a comp a r i son o f  t h e  co s t s  of 
var i o u s tre a tme n t  sy s tems for remov i n g i ron and man g ane s e. The 
me thod s i n c l uded ozon a t i on , i on exc h ange , c hemi c a l  o x i d a t i on wi t h  
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grav i ty f i l tr at i on ,  chemi c a l  oxi d at i on  wi t h_ pres s u re f i l tr at i on , and 
con t ac t  f i l trat i o n u s i n g  man g anese greens and . The resu l t s  s howed that  
al t ho u gh the c ap i t a l  i n v e s tmen t for  ozone  exceeded other  sys tems , the  
operat i ng co s t  was  l ow ,  thu s  mak i n g the ann u a l co s t  compet i t i ve .  
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ME THODS AND MATER I AL S  
Des c r i pt i on of Pflot Pl ant  
The b as i c  componen t s  of the  pi l o t p l ant u sed i n  t h i s  s t udy were 
an ozone generat i on sy s tem , two con tact  co l umn s , a con s ta n t - head tan k , 
an d an ant h rac i te fi l ter . The ge ner a t i on  sys tem i s  i l l u s tr ated i n  
F i g u re 1 .  The generat i on sy s tem i n c l ud ed a power supp l y , an ai r prep­
ar at i on sys tem , and the gen erator i t se l f .  The ozone  gen er at i on 
sy s tem and the co n t ac t  co l umn s _were s u pp l i ed by Emery I nd u s tr i e s , 
I nc . ,  C i n c i n n at i , Oh i o  and have been descri bed i n  d e t a i l by D eBoer ( 4) 
and Stoeb ner ( 17 ) . The fi l ter was the s ame as t h at u sed by Q u ai l ( 1 4 )  
and the fi l ter  med i a  was taken from the fi l ters a t  t h e  S i o u x  F al l s  
Water Tre a tmen t P l an t  t o  e n s ure the u se of r i pened med i a .  
A s c h ema t i c  d i agram o f  the gen er at i on system i s  presen ted i n  
F i g u re 2 .  A s  s hown i n  the sc hemat i c ,  atmo s pher i c a i r was f i rs t 
fi l tered and comp re s s ed to a press u re of  690 k P a  ( 100 ps i g ) . The 
comp re s s ed a i r was then coo l ed and stored i n  a pres s u re tank . Nex t , 
o i l ,  mo i s t u re , and d u s t  were remo ved from the ai r by p a s s i n g  i t  con ­
secu t i ve l y  t h ro u g h  a p re - fi l ter , to remo ve any o i l i n  t h e  a i r i n t ro ­
d u c e d  by the  comp re s s o r , t h e  des i cc ator , an d the  aft e r - fi l ter to 
remo ve any de s i cc ant d u s t .  Pri or to enter i n g  the gen e r ator , the ai r 
pres s u re was  red u c ed from 690 k P a  ( 100 ps i g ) to  100 kPa  ( 15 ps i g ) by a 
pre s s u re re g u l ator . 
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T he b as i c  compon en t s  of the ozone gen e r a tor were three 
st a i n l es s  s tee l t ubes  en c l o s ed wi th i n  a s i n g l e  compr e s s ed a i r modu l e� 
Tubu l a r g l a s s  d i e l e c t r i c s  were cen tered i ns i de each s tee l t u b e  and a 
s t a i n l es s  s te e l  g ri d ,  wh i c h ser ved as  the h i g h - vo l tage  e l ectrode , was  
i n s er ted i nt o  each  g l a s s  tube. Cl e an , d ry ai r pas s e d  through  the  
an nu l a r ai r s p ace  between the  o u t s i de of the g l a s s  tube  and  the  
s t a i n l es s  s tee l s h e l l .  The coron a ,  wh i c h d i s c h arged acro s s  the a i r 
s p ace , c a u sed a sm a l l percen t age of the  oxygen i n  the feed g as to be 
co n v erted to o zone . W ater was  c i rc u l a ted around the exter i o r  of the 
stee l tub es to d i s s i p ate the heat from the coron a .  The ozon i zed ai r 
from t he ge nerator w a s  routed to the con t a c t  co l umn s . 
The two con t ac t  col umn s are s hown schemat i c a l l y  i n  F i gu re 3. 
E ac h  s t a i n l e s s  s tee l co l umn had an i n s i d e d i ameter of  15 . 2  em (6 i n )  
an d a tot a l  he i g h t  of 4 . 88 m ( 16 ft ) .  The ozone- ri ch  g as en tered the 
bo ttom of the  co l umn s th ro u g h  po rous s t a i n l es s  s teel  d i f f u s e r s . Fl ow 
of the o zone- ri c h  g as to e ac h  d i ffuser w a s  regulated w i t h  a b a l l val ve 
and a ro t ameter at the b a se of eac h  co l umn . R aw water  w a s  pumped to 
the top of the  fi rs t co l umn by a vari ab l e - speed po s i t i v e-d i s p l aceme n t  
pump . The arr an geme nt o f  the co l umn s a l l owed water an d ozone to fl ow 
co u n ter - curre n t l y  i n  bot h  co l umn s . Upon l e av i n g  the  bot t om of the  
secon d  co l umn , the  ozo n i zed water fl owed to a con s ta n t - head tank 
l oc ated abo ve the t; l ter . 
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The so l e  purpose  of the con stan t -he ad tank  was to a l l ow a 
con s t ant f l ow o f  w at er i n to the filter . The p i  l ot f i l te r , shown i n  
F i g ure 4 ,  w a s  made o f  t r an sparen t PVC w i t h  an i n s i d e d i ameter of 1 5 . 2  
an ( 6  i n )  and a h e i g h t  o f  2 . 51 m ( 8 . 25 ft ) .  The eff l uent l i n e from 
the fi l ter i n c l uded v a l v i n g for b ackwa s h i n g ,  a f l owme ter , and a 
p l as t i c r i s er tube to prevent  the fi l ter from dew ater i n g .  To f ac i l i ­
tate s amp l i n g an d me a suremen t  of head l o s s  throug hout the  depth  o f  the 
fi l ter med i a ,  12  p i ezome tri c  tubes we re i n s t a l l ed i n  the fi l ter 
si d ew al l on  7 . 5- cm  ( 3- i n ) cen ters . The f i l ter med i a con s i s ted of N o .  
1 an t h r ac i te ran g i n g  from 0 . 6 to 0 . 8 mm i n  s i ze w i t h  a un i formi ty 
coeff i c i en t  of 1 . 7 5 or l e s s . Th e tot a l  d e p t h  o f  the  fi lter med i a was  
68  • 6 em ( 27  i n ) • 
E xpe r i men t a l  Proced u res 
Genera tor Cal i brat i on 
Ozone  produc t i o n depend s u pon the d ryne s s  and f l ow rate of the 
feed g as ;  the  tempe r ature and pres s u re i n  the ozone generator ; and the 
freque n cy and vo 1 t ag e  of the power su pp l y .  A 1 1  o f  t h e s e  parame ters 
were he l d  con s t a n t  except vol t age . The feed - gas f l ow - ra te was hel d  
con s tant  at 11 s l pm (0 . 39 scfm) , the ozone  gen erator w a s  mai n t a i n ed at 
co n s tant  temper a ture  of l0°C ( 50°F )  and pre s s ure of 1 00 KP a ( 15 ps i g ) , 
an d the freq uency w as a un i form 60 Hz . I n  t h i s mann er , the ozo n e  pro­
du c t i o n bec ame a f un c t i o n  of the vo l tage on l y  and c a l i bra t i on of the 
gen erator was s i mp l y a ma tter of de termi n i ng the  con c e n trat i on of 
SOUTH DAKOTA STATE UNIVERSITY LIBRARY 
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ozon e i n  the  a i r l e a v i n g  the gener a tor at a number  o f  differen t 
vo)t age s . 
The me thod u s ed t o  determi n e  the ozone con c en t r a t i o n  i n  the  g a s  
i s  a vari at i o n  of the  i od ome tri c method fo r me a s u r i n g  o z o n e  res i du a l  
de s c r i b ed i n  S tand ard Met ho d s  (16) .  I n  b r i ef , a sma l l 4- l i t e r  port i on 
of s upp l y  g as was pas sed th roug h a ser i es  of two g a s  wa s h i n g bot t l es ,  
eac h cont ai n i n g 400 ml of 1 per cent pot a ss i um i od i d e (K I )  s o l u t i o n . 
The vo 1 ume of gas  was mea sured w i t h a wet-test me te r . The ozone i n  
the s u pp l y  gas  bec ame ent rap ped · i n  the KI so l ut i o n  and sub sequen t 
ti tra t i o n wi t h  sod i um t h i o su l f ate ( N a2 S203) yi e l ded the  exact wei g ht 
of o zone  i n  the KI so l ut i o n . By know i n g  the a i r vo l ume t h at pas sed 
th ro u g h  the  bott l e s and the wei g ht of ozone i n  the K I  so l ut i on , the  
co n c e n t r at i o n o f  o z o n e  i n  t he supp l y  gas  co u l d read i ly  be  de termi ned . 
The ozone produc t i o n of the ge ner ator cou l d be c a l c u l ated from 
the ai r f l ow r ate and con centrat i on of ozone i n  the a i r .  A d e s c r i p ­
ti o n  of the c a l cu l at i o n s  i s  g i ven i n  Append i x  B.  
The generator c a l i b r at i o n c urve ob ta i ned i n  t h i s e xpe r i me n t  was  
ne ar l y  the  s ame as t h at obt a i ned by  Stoeb ner ( 17 )  and used  i n  h i s 
expe r i ment . At 1 ow and h i gh vo 1 t ages , a 1 arge ch ange  i n  vo 1 t age was  
ne cess a ry t o  produc e a sm a l l ch ange i n  ozone co nce n t r at i o n . In the 
mi d - vo l t age ran ge , 60 to 70 per cent of max i m um vo l t age , a sm a l l 
ch ange i n  vo l t age re s u l ted i n  a l arge ch ange i n  ozone  concentr a t i o n . 
The rel at i on s h i p betwee n app l i ed vol t age i n to the  o zo n e  gen er ator and 
ozone con ce nt r at i o n  i n  t he supp l y gas  wa s non l i near . Thu s ,  doub l i n g 
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the power i n p u t  to t h e  ozon e gener ator d i d not nec e s s ar i l y  do ub l e  the 
ozone produ c t i on . 
A prob l em w a s  enco u n te red wi t h  the a i r-dry i n g  sys tem d u r i n g  the 
co u r s e  o f  t h i s expe r i men t . The du a l - tower des i c c a n t  a i r d ryer was 
de s i gned to d ry the feed gas  down to a dewpo i nt  of -40 °F .  However , 
nume ro u s  check s w i t h  a dewpo i n t  i nd i c ator rev e a l ed th a t  the  ac t u a l  
dewpoi n t  of the  feed g as was  i n  t h e  ran ge o f  0 t o  -l0°F .  Th i s  c au sed 
the ozon e generat i on sys tem to operate at l es s  than peak energy eff i ­
c i e n cy and a l so i n t rod u ced the po s s i b i l i ty of corro s i ve cond i t i on s  at 
the e l ectrode from t h e  reac t i on  of n i trogen and mo i s t u r e  i n  the feed 
gas. to form n i t r i c ac i d .  For t u n ate l y , the energy effi c i ency of the 
pi l o t p l ant w a s  n o t  per t i n e n t  to the res u l t s of t h i s i n ve s t i g at i on . 
A f l aw i n  the  b a s i c  de s i g n  of the d u a l -tower d esi c c an t  a i r 
dryer was  l ater d e t e rm i n ed to be the c au se of the  mo i s t u r e  prob l em i n  
the feed g a s . I t  was  d i sco vered that  wh i l e  one  tower w a s  absorb i ng 
mo i s tu re the  o t h e r  tower was not purg i n g proper l y .  
P i l o t P l an t  Ope rat i o n 
The i n d ependent  v a r i abl e s  i n  th i s i n v es t i g at i on were ozone 
do s ag e  and d e te n t i on t i me .  Al l other parameters  we re h e l d con s tan t .  
Research con d u cted e a r l i er by DeBoer ( 4) had reve a l ed t h a t  the  mo st 
eff i c i en t  u se of ozone occ u rred when : 1 )  the l i q u i d d ep t h  i n  the con ­
tac t co l umn s was 4 . 4  m ( 14 . 5  ft ) ;  2 )  the water an d s u pp l y  g a s  were 
f l ow i n g  co unter- curren t l y  i n  both co l umn s ;  and 3 )  the  s u pp l y  gas was 
proport i on ed so t h at 60 pe r cent f l owed to the f i rst co l umn and 40 per 
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cen t  flowed to the  seco n d  co l umn . Con s equent l y , th i s  co n f i g u r a t i on 
and propor t i o nm e n t  we re adopted fo r u se th ro u g h o u t  th i s  
i n ve s t i g at i on . 
S toeb n e r  ( 17 )  h a s  pro v i ded a d e t a i l ed descri pt i on o f  the  p i lot  
pl a n t  ope r a t i on i n  h i s t h e s i s .  B as i c ally , deten t i on t i me w a s  a func ­
t i on o f  l i q u i d vo l ume and water f l ow rate i n  the con t ac t  co l umn s , and 
si n c e  l i q u i d vo l ume was he l d  con s t an t ,  deten t i on t i me bec ame a f u n c ­
ti o n  of water  f l ow rate  only .  The i n f l uen t water flow rate was 
con troll ed by a po s i t i ve-di s p l acemen t  pump wi t h  a v a r i ab l e - speed DC 
mo tor . The water  f l ow r a te co uld be vari ed from 3 . 8  l pm to 41 . 6  lpm 
(1 gpm to 11 gpm ) . S i n c e  t he- con tac t co l umn s had a con s t ant  l i qu i d  
vo l ume of  161 l i ters  ( 42 . 6 g a l lon s ) , d e ten t i on t i mes of 5 to 45 m i n ­
utes  were read i l y ob t a i n ab l e .  
App l i ed ozone d o s age was  a fun ct i on of ozone con c en trat i on i n 
the  su pp l y  gas , s u pp l y  gas  f l ow rate , and water f l ow r ate . Howe ver , 
si nce  the  s u pp l y  gas  f l ow rate  was held co n s t an t ,  t h e  app l i ed ozone 
do s age was  ac t u al l y  a func t i o n of the ge nerator power i n p u t  and the 
water f l ow rate on l y .  
The fo l l ow i n g  express i on was ob t a i n ab l e  for ozone co n c e n t r a t i on 
i n  t he ge nerator off - ga s . 
whe re : 
C i = DV /TOg 
C i = oz one con c e n t r at i o n i n  the generator off-gas ( m g / 1 ) 
0 = ap p l i ed ozone do sage ( m g / 1 ) 
( 3 )  
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V = l i q u i d  vo l ume of  con t ac t  co l umn s ( l i ters ) 
T = l i q u i d d e tent i o n  t i me .. (mtnu tes ) 
Og = g a s  f l ow rate ( s l pm )  
Howe ver , s i n e e  V was h e  1 d co n s tan t a t  161  1 i ters and Og w a s  h e  1 d 
co n s t an t at 1 1  s l pm ,  C; co u l d  be exp res s ed as  a co n s t a n t  t i mes the 
ra t i o  of ap p l i ed o zo n e  d o s ag e  to detent i on t i me :  
C i = 1 4 . 65 0 /T ( 4 )  
W i t h  t h i s s i mp l e expre s s i on ,  g i ven ·any comb i n at i on  of  o z o n e  d o s age and 
de ten t i on t i me ,  the req u i red ozo n e  conc entrati o n  i n  t he off-ga s  cou l d  
be c a l cu l ated. The req u i red vo l t age set t i n g  on t he oz o n e  ge ne r a t or 
co u l d  t hen be determi ned from the  c a l i brat i on curve . 
B ased upon theore t i c a l  ozone requi remen t s  o f  t h e  S i o u x  F a l l s  
we 1 1  water , the  req u i red ozone dos age was  es t i mated to be  abo u t  4 
mg / 1 . The refore , i t  w a s  dec i d ed t h at ozone do s ages b e tween  2 and 12 
mg / 1  s ho u l d  be  s t ud i ed .  Deten t i on t i me effec ts  were s t u d i ed b e tween 5 
an d 30 mi n u tes . 
T ab l e  1 l i s t s  t h e  water fl ow rate ( Q1 ) and C i v a l u e s  a s s oc i ated 
wi t h  the v ar i o u s  comb i n at i on s  of  ozone dos age and deten t i on t i me .  
U nder  t h e  part i c u l ar oper at i n g cond i t i o ns  i n  t h i s i n v es t i g at i on ,  the  
ozo n e  gen e r ator  was not  cap ab l e  of p ro d uc i ng more than  14  mg / 1  o zo n e  
us i n g a l l th ree t u bes . Con seq uen t l y , cer ta i n comb i n at i on s  i n v o l v i n g 
hi g h  ozone d o s ages  and short  deten t i on t i me s  we re n o t  obtai n ab l e . 
The refore , of the  f i ve o zone  dos ages and fi ve deten t i on t i me s  s hown i n  
Tab l e  1 ,  o n l y  22 o f  the. 25 po ss i b l e  operat i n g  mode s  were fe a s i b l e .  
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Table 1. Liquid Flow Rates and Ozone Concentrations Associated with 
Various Combinations of Ozone Dosage ani Detention Time 
Detention Time 
5 10 15 20 (minutes) 
Ql (lpm) 
0 
,......._ 
� � 2 
....._, 
Q) 
r 
0 
4 � 
Q) 
� 
0 
� 
0 
'S 
.,-I 8 � 
� 
< 
12 
Legend: 
)4.0 17.0 11.33 8 . 5 0 
o.o o.o o.o o . o  
(1'/o CJ% � (J'/o 
·-
5. 9 2.9 2,0 1.5 
7rl% 62!'/o 6� 58% 
11. 7 5. 9 3.9 2.9 
94% 7CI'fo 65% 62% 
23. 4 11. 7· 7. 8 5.9 
* 94% 77% 7CJ% 
35.2 17.6 11.7 8 . 8  
* * 94% 82% 
C i = ozone concentration in ozonized air, mg/1 
% = per cent of max ozone generator voltage 
* above the maximum ozone generator output 
30 
5.67 
o.o 
Cl'fo 
1.0 
56% 
2,0 
6� 
3.9 
65% 
5.9 
7r$ 
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Thes e 22 comb i n at i on s  of  ozone dos age an d dete nt i on t i me were u s ed as 
the b as i � for the tran sfer eff i c i ency , temperature , p H ,  chl o r i n e  
demand , a n d  i ro n  a n d  man g an es e  i n v es t i g at i on s . 
Tran sfer E ff i c i e n cy 
I t  was of i n tere s t ,  dur i n g  the course of the i n v es t i g a t i on , to 
study the effe c t  of  ozone  do s age and deten t i on t i me on o zone  t r a n s fer  
eff i c i ency . Ozone tr an sfer effi c i ency was  defi n ed as  fo l l ow s : 
where : 
E = tr ansfe r  effi c i ency ( per cen t ) 
W i = we i g ht of o zone ente r i n g  t he con t ac t  co l umn s ( g / h r )  
W0= we i g ht o f  ozone l e av i n g the con t act co l umn s ( g / h r ) 
( 5 )  
To dete rm i n e  the  tran sfe r  eff i c i ency at eac h o f  t h e  oper at i ng 
ru n s , i t  wa s nec e s s a ry to co l l ec t  g as samp l e s at the  two l oc at i o n s  
shown i n  F i gure 5 .  The proced11re u sed to an a l yz e  e ac h  o f  the g as 
samp l es was the  s ame as that  des c r i bed earl i er .  
Ozone res i dual and i t s i n f l uen ce on transfe r  effi c i en cy was 
al so i n ves t i g ated. Therefore , ozone res i d u al was  mon i to red at  each  of 
the ope r at i n g ru n s. The me thod u sed to an alyze ozone r es i d u a l s was 
the i od i me t r i c me t hod d es c r i bed i n  Stan d a rd Method s ( 16 ) . Ozo n e  was 
fi r s t  pu r ged from an 800 -m l water  s amp l e  by pass i ng a s t re am of  n i tro­
gen t h ro ug h  the  s ample at a rate of 1. 0 1 /m for app ro x i m ate l y  5 mi n ­
utes .  Th e l i be r a te d  ozo ne was t hen abso rbed i n  400 m l  of  po t a s s i um 
i od i de ( K I )  and sub seque n t  t i t r a t i on wi th sodi um t h i o s u l fa t e  ( N a2Ss0J ) 
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F igure 5. Sampling Diagram 
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yi e l d ed t h e  con cen t r a t i on o f  ozone res i du al i n  the  water . A des c r i p­
t i on  of t h e  c a l c u l at i on s  i n vo l ved i s  i n c l ud ed i n  Append i x  B .  
Tempe r at u re and p H  
The temperatu re and p H  o f  wat er u s u al l y  h a ve a n  i nf l uence u pon  
the rate of c h emi c a l  react i on s  i n  the  water treatme n t  proces s .  For 
th i s  reaso n , at e ac h  of  the  oper a t i n g  r u n s , t h e  tempe r at u re and p H  of 
th e wate r was me a s u red at eac h  of the l oc ati o n s  s hown i n  F i g u re 5. 
The tempe r a t u re o f  each  water s amp l e  was taken  i mmed i at e l y  fo l l ow i n g  
co l l ec t i on u s i n g  a mer c u ry-type thermometer. Al l p H  d ete rm i n at i o n s  
we re mad e  wi t h i n 15  m i n ute s af ter s amp l e  co l l ec t i on u s i n g  a Corn i n g 
1 2 5  pH me ter. The p H  me ter was s tand ard i z ed pr i o r to each  set  of pH 
dete rm i n at i on s .  
Ch l o r i n e  Demand 
The ox i d ati o n  and d i s i nfec t i on c ap ab i l i t i es o f  ozone sho u l d  
prec l ud e  the  need fo r c h l or i n at i o n  of  the treated water except to 
ma i nta i n a re s i d u a l i n  th e d i str i bu t i on sys tem fo r cont i n u ed b a c ­
te r i o l o g i c a l  protec t i on . To d e term i n e  i f  t h e r e  w a s  an  ac t u a l  red u c ­
ti o n  i n  the c h  1 o r i  n e  demand of  t h e  pi  1 a t  p 1 a n t  eff l u en t , on e 500 -ml 
samp l e  of  f i l te r  eff l ue nt was co l l ec ted d u r i n g  e a c h  p i l o t p l ant 
ope r at i n g  run . I mned i ate l y fo l l owi n g  co l l ec t i on , eac h s amp l e  was 
do sed wi t h  8. 5 mg / 1  c h l o r i n e  ( eq u i v a l e n t  to the d o s ag e  u sed in  the 
tr eatment proces s ) .  The s amp l e  �as then i n verted sev eral  t i mes to 
en s ure t h a t  the c h l o r i n e  so l ut i o n wa s thoro ugh l y  mi xed , and th en 
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stored i n  a d ark l oc a t i on for 30 m i n u tes . After  30 m i n u t e s  e xp i red , 
the ch l or i n e res i du a l was me a s ured by the ampe rometri c  me thod as  
.. - · · .. 
des c r i b ed i n  Stan d a rd M ethod s ( 16 ) . A F i s her 397 Chl o r i n e  Ti tr i meter 
was u s ed to me as u re both free and to ta l  c h l o r i n e  res i d u al . The 
ap p ro x i mate  c h l o r i n e  d em and  was then  determ i ned by s u b tr ac t i n g  the  
ch l o r i n e  res i d u al f rom the  8 . 5 mg/1  do se . The c a l c u l at i o n s  i n v o l ved 
i n  de termi n i n g c h l o r i ne  d emand are o u t l i n ed i n  Append i x  B .  
I ro n  and Manganese  
The  pr i m ary ob j ec t i ve of t h i s i n ves t i g at i on wa s to s t udy the  
effec ts  of the  ozon at i o n /f i l trat i on proc e s s  on i ro n  and man g anese  
remo v a l . I t  was neces s ary to determi n e  whe ther t h e  pro c e s s  co u l d  
red u c e  the  i ro n  and man g anese con centrat i on s  i n  t h e  S i o u x  F a l l s  
gro undwater to l e ve l s be l ow t h e  USP HS dri n k i ng water s tand ard s . 
Furt he rmo re , i t  wa s necess ary to determi ne the eco n om i c a l  ope rat i n g 
con d i t i o n s ,  i . e .  t h e  comb i n at i o n of ozone do s ag e  and d e te n t i on t i me 
wh i c h wo u l d  mo s t  economi c a l l y  red uce  the i ro n  and man g an e s e  to ac cep t -
ab l e  l e ve l s .  
The fil t r at i o n rate u sed d u r i n g  th i s  s t u dy was  5 me te r s /ho u r  ( 2  
gpm/ft2 ) .  Th i s  f i l tr at i o n rate was i n  acc ord ance wi t h  t h e  de s i gn 
spec i f i c at i o n s  of t h e  f i l te rs emp l oyed at the S i o u x F a l l s  W ater 
Treatment  P l an t . The f i  1 ter  med i a was ob t a i  n ed from on e of  t h e  
ope rat i n g fi l ters  i n  t h e  treatme n t  p l ant  a n d  as a res u l t ,  n o  r i pen i ng 
pe r i od was neces s ary .  Except for the opt i m um ope r a t i n g run , to b e  
de s c r i b ed 1 ater , t h e  f i  1 ter  was back washed ev ery 20 hours of  
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ope r at i o n . The f i l ter  was 
c l ear  ( u s u al l y  abo u t 10 
me ters /ho u r  ( 1 5 gpm/ft2 ) .  
b ackwashed un t i l the  b ack wa s h  water was  
to  1 5  mi n u te s ) at a rate  o f  abou t 37  
At eac h of  the 66 op erat i ng ru n s , a 600 -ml raw w ater  s amp l e  was 
co l l e c ted , and two 600 -ml s amp l es we re co l l ec ted at the  l oc at i o n s  
shown i n  F i g u re 5 .  E ac h  of  these s amp l es were then  an a l y z ed for tem ­
pe rat u re ,  p H ,  and i ro n  an d man g anese co ncentrat i o n s  a s  s hown at the 
bot tom o f  F i g u re 5 .  
O nce  an op t i m um dos age and--deten t i o n t i me w a s  es t ab l i s hed , an 
add i t i o n a 1 . .  f i  1 ter ru n.. was con d u c ted at tha t do s age and deten t i o n 
ti me to determ i n e  the maxi  m um prac t i  c a  1 1 e n g t h  o f  f i  1 t e r  run . The 
fi l ter was b ackw a s hed pr i o r to the s t a rt of t h e  f i l ter run , and 
f i l t r at i o n co n t i n u ed u n t i l break t h ro u g h  occu rred . Dur i n g t h i s opt i m um 
ru n , f i  1 ter i nf l ue n t  and eff l uen t  s amp 1 es  we re co 1 1  e c ted every 30 
mi n u tes d u r i n g  the fi r s t  ho u r , every ho u r  d u r i n g  the n e x t  th ree ho u r s , 
an d then  every fo u r  ho urs  u n t i l fi l ter  b reak t h ro u g h . These  s amp l e s 
we re then an a l yzed for i ron and man g anese co n centr a t i o n s  to d e te rm i ne  
if  the q u a l i ty of t h e  f i l ter i n f l ue n t  and  fi l ter eff l uen t  var i ed w i t h  
ti me .  Al so , at 1 6 - ho u r  i n terval s beg i nn i ng i mmed i at e l y  after f i l ter 
backwas h ,  the fi l ter profi l e  was samp l ed .  Th i s  was ac c omp l i s hed by 
samp l i n g eac h of the  n i n e pi ezometr i c tubes i n  the  f i l ter  s i d ewa l l 
th at encomp a s s ed the dep t h  o f  the med i a .  These  s amp l e s we re a l so an a­
lyzed fo r i ro n  and mang anese co n centr at i o n s  i n  ord e r  to e x ami ne the 
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11 remo v a  1 pro f i  1 e "  of t h e  fi 1 ter med i a and to determ i n e  whet her i t  
chan ged w i t h  t i me� 
I n  ord e r  to an a l yz e  for s o l ub l e  i ro n  and man g an es e , a po r t i on 
of each  water s amp 1 e had to be fi  1 tered wi t h  a 0 .  45 -mi c ro n  membrane  
fi  1 ter . Th i s  was accomp 1 i s hed wi t h  the ai d o f  a v acuu m pu mp ap p ar a ­
tu s .  Eac h  s amp l e  was  s tored i n  a p l a s t i c bott l e  and  preser ved w i th  
the add i ti o n of 2 ml  con centr ated hydroc h l or i c  ac i d  ( HC l ) wh i ch 
l owered the  p H  to be l ow 2 . 0. The port i on of eac h s amp l e  t h a t  was an a­
lyzed fo r to t a l  i ro n  and man g anese was not fi l t e red bu t p l aced 
d i rec t l y  i n  a p l as t i c bott l e  and preser ved wi th HC l .  
Tho se s amp l _e s  wi th  i ron  con cen trat i o n s  b e l ow 0 . 5 mg / 1  and /or 
ma ng anes e co n centr a t i on s  b e l ow 0 . 3 mg / 1  needed to be co ncentr ated 
pr i or to an a l y s i s .  The s amp l e s  were con cen t r ated by f i r s t  e v apo r at i n g 
a 100 ml  po r t i o n of s amp l e  to d ryn ess  on a steam tab l e .  The res i d u e  
wa s then red i s s o l ved u s i ng  2 m l  o f  1 : 1 HC l .  The so l ut i o n w a s  then 
tr an sferred to a 1 0 -ml  vo l umetr i c f l a sk �  and then  the  d i s h  wa s r i n s ed 
wi t h  app ro x i m a t e l y  3 ml of demi ner a l i zed water . N ex t , the ac i d i c  
so l ut i o n was n e u t r a l i zed wi t h  1 m l  of 1 : 1  ammon i um hydro x i d e ( N H40H ) .  
F i n a l l y ,  the s amp l e  was  b ro u g h t  to a vo l ume o f  10 m l  u s i n g  d emi ner­
al i z ed water. 
A P erk i n - El me r  503 Atom i c Absorp t i o n Spec tr opho tome ter , wit h  a 
d i g i t a l  ab sorb an ce out p u t ,  was  u sed to an a lyze for i ro n  and man g an es e . 
Stand ard s  o f  5 . 0 ,  2 . 5 ,  1. 0� 0. 5� and 0 . 1  mg / 1  we re p re p a red from a 
stock so l ut i o n i n  ac cord ance wi t h  Stand ard Mehods ( 16 ) . A l i near 
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re l at i on s h i p e x i s ted between co n cen trat i on and re l at i ve ab s or b ance of 
the s t a n d ard cu r ve . For eac h s t and ard and s amp l e ,  t h e  i n s trume n t  read 
an d d i s p l ayed an average of t h ree co n s ec u t i ve ab s o r b ance d e te r ­
mi n at i on s . Th i s was done th ree t i mes , so i n  effec t , an  aver age of 
n i n e  ab sor b a n c e  v a l ues  was reco rded for each s t and ard and s amp l e .  
F i l te r  Head L o s s  
I n  t h i s p a r t  o f  t h e  i n ves t i g at i on , fi l ter head l o s s  a s  a fu n c ­
ti on  of both med i a  d ep th and vol ume o f  water f i l tered was  e v a l u ated . 
Head l o s s  d ata we re reco rded d u r i ng  the spec i a l  f i l t e r  r u n  d e s c r i b ed 
pre v i o u s l y .  The water l e vel s i n  each of the twe l ve p i e z ometr i c tu b es 
we re record ed at 4- ho u r  i nterv a l s .  The d i fference i n  water l e vel  be­
tween any two adjace nt  p i ezome tr i c  tubes rep resen ted the  head 1 a s s  
thro u g h  th at par t i c u l a r 7. 6 - cm  { 3- i n )  segmen t of f i l ter  med i a .  
Con seq uent l y , the total  he ad l o ss was the d i fference i n  water l e v e l s 
between the f i r s t  p i ezometr i c  tube and the d i scha rge l e vel  of the  
effluent  r i s e r . 
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RESULTS AND D ISCUSS I ON 
Tran sfer Eff i c i ency 
O zone  D o s age E ffe c t s  
The tran sfer eff i c i ency d at a  are i l l u s trated i n  F i g ure 6 and 
tabu l ated i n  Tab l e  Cl . I n  F i g ure 6 ,  the me an tra n s fer effi c i en c i es  
for the five d e te n t i o n t i mes are p l o t ted as  f u nc t i on s  o f  ozone  d o s age . 
App aren t l y , a t  any g i ven deten t i on t i me ,  the tran sfer eff i c i ency 
decreased w i t h  i n c reased o zone d o s age . An an a l y s i s  o f  v a r i ance of  the 
data , shown i n  Tab l e  C 2 ,  con f i rmed th at a h i g h l y  s i g n i f i c an t  d i f­
fere nce (1 pe r cent  l e v e l ) ex i s ted between the me an tran sfer effi c i en ­
ci es  a t  t h e  v ari o u s ozone  d o s ages . A d ecrease i n  tra n s fer effi c i e ncy 
wi th i n c re a sed ozone dos age was a l s o  ob served by DeBoer ( 4) and 
Stoeb n e r  ( 17) i n  t he i r i n ve s t i g at i on of tra n s fer eff i c i ency . At 
h i gher  ozone dos ages , a greater port i on of t h e  o z o n e  d emand i s  
app arent l y  be i n g s at i s f i ed an d the rema i n i n g o zone i s  be i n g re l ea sed 
as o ff- gas . Th i s hypothe s i s c an be s u pported by n o t i n g t h e  strong  
co r re l a t i o n  t h a t ex i s ts between ozone  res i d u al and  app l i ed ozone 
do s age i n  F i g u re 7 .  Th i s  corre l at i on i nd i c ates th a t , at  h i gher  o zone 
do s ages , t he demand i s  e i ther  bei n g  s at i s f i ed or  ex ceeded . 
From F i g u re 7 i t  c an be observed th at  t h e  ozone  res i du al 
i n c reased wi t h  i n c reases  i n  ozone d o s age ab ove 4 mg / 1 , w i t h  the 
i n cre ases  b e i n g  mor e pro n o u n ced at the s ho r ter deten t i on t i me s . At 
th e 4 mg/1 do s age l e ve l and l ower , a l l the  o zone was  con s umed and no 
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re s i d u al exi s ted . An an a l y s i s  o f  v ar i ance of  the ozone  res i du a l d at a ,  
show n i n  T ab l e  C 4 , rev e a l ed the presence o f  a hi ghl y s i g n i f i c an t  t i me-
d o s age i n t e r ac t i o n  effec t .  Thi s  meant  that i t  was  nece s s ary to 
ob s erve the  effec t s  of ozone  d o s age at fi xed l e ve l s of d e te n t i o n  t i me 
and the effec t s  o f  deten tion t i me at fi x ed l e ve l s o f  ozone do s age 
( 18 ) .  
Deten t i o n T i me E ffec t s  
An  ana l y s i s  of  v a r i ance of  the data , shown i n  Tab l e  C 2 ,  con­
fi rmed that the  tran sfe r effi c i enc i es were not  s i g n i f i c an t l y  affec ted 
by c h an ges i n  deten t i o n t i me .  Thi s i s  i n  ag reeme n t  w i th the fi nd i ngs  
of  Deb oer  ( 4 ) . 
F i g u re 7 i nd i cates that hi gh ozone res i d u a l s re s u l ted from com­
b i nat i o n s  of  s ho r t  dete n t i on t i mes  and hi gh ozone do sages . Thi s  i s  
al so  i n  con fo rman ce wi th DeB oe r's ( 4) res u l t s .  Ozone  ha s a ha l f  l i fe 
of 30 mi n u tes or  l e s s  i n  water and as a re s u l t ,  m uch of  the re s i du a l 
ozone reve rts  b ac k  to o xygen at the l on ger deten t i o n t i me s . 
O zone Demand  
By obser v i n g  tran sfer  effi c i enc i es and ozone  res i d u a l s at dos­
ag es g reater than 4 mg / 1  ( the demand was not  s at i s fi
. 
ed at a 4 mg / 1  
do sage or  l e s s ) ,  i t  was  po s s i b l e  t o  es t i m ate t h e  o zo n e  demand of  the 
raw wate r .  I t  was e t i ma ted that the average o zo n e  d emand  w a s  between 
5 an d 6 mg / 1 . Si n c e  the pr i mary ozone d emand was exer ted by i ro n  and 
man ganes e ,  and s i n ce there i s  con s i derab l e  vari at i on i n  the raw water 
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i ro n  co n centr a t i o n , t here w i l l  be  v ar i at i on i n  the ozone  d emand of the 
raw w ater . 
Temperature and pH 
Temperature  
The  raw water , CC -2  eff l uent , and  fi l ter eff l uent temper atu res 
we re me a s u red at eac h operat i ng ru n . S i  nee  the average g ro u ndwater 
tempe ratu re was abo u t  l 4 °C { App end i x  D)  and the  temperature  w i t h i n the 
treatme n t  p l a n t  was about 20° C ,  i t  wo u l d  be ant i c i p ated t h a t  the water 
temper a t u re wo u l d  i n c rease  as i t  f l owed t h ro u g h  the  p i l o t p l a n t . Th i s  
i s  ex ac t l y  w h a t  was  ob se rved d u r i n g  t h i s  i n v e s t i g a t i on . I t  was  
ob se rved th at at the  5 -mi n u te detent i on t i me , the  to t a l  i nc rea se 
th ro u g h  the  p i l o t p l a n t  was 0 . 6 ° C ,  w h i l e  at the 30-mi n u te d e ten t i on 
ti me ,  t h e  to t a l  i n crease  was 0 . 9ec .  
The p H  o f  the  r aw water , CC -2 eff l uen t , and f i  1 ter eff l uent 
we re a l l de termi n ed fo r eac h  run . In  ord e r  to an a l yz e  pH v a l ues , they 
we re con ve r ted to an ar i thme t i c  sc a l e s i n ce they are l og ar i t hmi c 
exp re s s i on s . The p H  of a water , as i nd i c ated by eq u a t i on 6 ,  i s  
defi ned as  the neg at i ve l o g ar i thm of the  hyd rogen - i on co n ce n t r at i on s . 
p H = - l o g1o < H
+) ( 6 }  
H+ = lO exp { - pH) ( 7 } 
The aver age p H  of t he g rou ndwa ter was 6 . 75 { Append i x  0 )  d u r i n g  th i s  
i n v e s t i g a t i o n . The co rrespond i ng hyd rogen - i o n conc en t r at i on s  fo r t he 
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me a s u red p H  v al ues are t ab u l ated i n  Tab l es E l  and E 3 .  The s e  hydrogen ­
i o n con centr at i o n s  we re then u s e d  as the b as i s fo r t he s t at i s t i c al 
an a l y s es . 
I n  F i g u res 8 and 9 ,  the  me an pH v a l ues for t h e  CC-2 and fi l t�r 
eff l ue n t s , respec t i ve l y , are s hown as fun c t i o n s  of app l i ed o zone 
do s age . F rom F i g ure 8 ,  i t  c an be obser ved t h a t  at z ero ozone  dos age 
( aerat i o n on l y ) , pH i nc reased wi t h  i nc reases i n  d e ten t i o n t i me .  Th i s  
can  be att r i bu ted to the  fact  th at when g ro un dwater i s  aer a ted , c arbon 
d i o x i de  i s  s t r i p ped from the water c a u s i n g  the pH  to r i se . A l so , as 
de te nt i o n t i me i n c reased , app a re n t l y  mo re carbon d i o x i d e  i s  re l e ased 
ca u s i n g  further  i ncreases  i n  p H .  
I n  co n t ac t co 1 umn two , t h e  pH dropped s h a rp l y  as t h e  ozone  
do s age w a s  i n c reased from 0 to  4 mg/1  b u t  dec l i n ed o n l y  s l i g h t l y  or 
remai ned a l mo s t  con s tan t wi t h  fu rther  i n creases  i n  ozone d o s age . 
Ana l y s i s of v a r i ance o f  the d at a ,  s hown i n  Tab l e  E2 , co n f i rmed t h a t  a 
si gn i f i c a nt  d i ffe ren ce  ( 5  pe r cent  l e vel)  ex i s ted between the  me an 
hyd rog en - i o n co ncent r at i on s  at the v a r i o u s  ozone d o s ages  for the  co n ­
tac t co l umn two eff l ue n t . Al s o , as  i l l u s tr ated i n  F i g ur e  9 and co n ­
fi rmed by an a l ys i s o f  v a r i ance i n  Tab l e  E4 , the p H  o f  t h e  fi l t er 
eff l ue n t  was  s i g n i fi c an t l y  affec ted by c h an ges i n  ozone dos age . A 
ge ner a l  dec re a s e i s  no ted wi t h  i n crea s i n g  ozone d o s age . 
S toeb ner  ( 17 )  has  p ro v i d ed a po s s i b l e  exp l an at i on for the  d rop 
i n  pH as  a res u l t  of the i n c rease  i n  ozon e dos age . He observ ed that  
ozone h a s  a greater  ten d e n cy to react  wi th hyd roxy l i on s  ( OH - ) than  
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does oxy gen . Red u c i n g  t he co ncentrat i on s  of hyd ro xy l  i on s  i n  water 
wi l l , i n  t u rn , l ower the  p H .  
The ch anges  i n  p H  wh i c h occu rred as  t h e  water  f l owed th ro u g h  
t h e  pi l o t p l ant  a r e  i l l u s trated i n  F i gure 10 . I n  gener a l , a t  the 
shorter  dete n t i o n t i mes , the pH  i n creased s l i g h t ly i n  t h e  con t a c t  
co l umn a n d  t h e n  i n c reased ag a i n i n  the  fi l ter  to a f i n a l v a l ue o f  
ab o u t  7 . 0 .  At the  l on ger  detent i on t i mes , the  p H  i n c rea sed s te ad i l y  
to a f i  n a  1 va  1 ue  o f  abo u t  7 . 1 3 .  - Stoeb ner ( 17 ) s u g g e s ted th at a t  
shor ter deten t i o n t i mes , m u c h  of t h e  c arbon d i o x i d e  was  u n ab l e  t o  
es c ape un t i l af ter  the  water h a d  l eft t h e  con t ac t  co l umn . A s  a 
res u l t ,  the  reac t i o n  of ozone wi th  the hyd ro xy l  i o n s  may h a v e  c a u sed 
the i n crease i n  pH  to be l es s  p ro n o un ced i n  the con t ac t  c o l umn . 
I ron and Manganese 
Con t ac t  C o l umn s Eff l ue n t  
The ozon at i o n sy s tem i s  very effec t i ve i n  o x i d i z i n g i ron and 
man g anese i n  the raw g ro u ndwater . I n  F i gure  1 1 , the me an con ­
cen t r a t i o n s  o f  so l ub l e  i ron i n  the CC - 2  eff l uent are p l o t ted as  func ­
t i o n  of app l i ed ozone  d o s ag e .  Ana l y s i s o f  v a r i ance o f  t h e  d at a ,  s hown 
i n  Tab l e  F2 , con f i rmed that  a h i g h l y  s i gn i f i c an t  d i f feren ce ex i s ted 
be tween so l ub l e  i ro n  co n cent rat i on s  i n  the CC - 2  eff l uen t at the 
var i o u s  o zone d o s ages . As can be seen from F i g u re 1 1 , v i rtu a l l y  a l l 
of the i ro n  h ad been o x i d i zed at the 2 mg / 1  ozone d o s ag e  e xcep t at the  
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5-mi n u te deten t i o n  t i me .  At the 4 mg / 1  dos age , v i rtu a l l y  a l l of the 
i ron  ( greater than 99 pe r cen t) was oxi d i zed at a l l d e t en t i on t i mes . 
I t  i s  app arent  that  the con centrat i o n s  of so l ub l e  i ro n  i n  the 
CC-2 eff l uent  decreased wi th i ncreased detent i on t i me at the  0 mg/ 1  
do s age l e vel  ( i . e .  ae ra t i o n  on l y ) . Th i s  effec t was much  l es s  pro­
no un ced at the  2 mg/1 d o s age l ev e l  and d i d  not exi s t  at a l l beyond the 1 
2 mg / 1  do s age l e v e l . An an a lys i s  of v ar i ance of  the  d at a  revea l ed a 
hi g h l y  s i g n i f i c an t  effect of detent i o n t i me on so l u b l e  i ron con ­
ce n t r at i o n . Obv i o u s l y , s i mp l e  ae rat i o n was  o x i d i z i n g mo s t  o f  the i ron 
at the l o n ger detent i o n t i mes . However , i t  was not po s s i b l e  to o x i ­
d i ze  i ron  to the rec ommended l i mi t s  wi t h  s i mp l e aerat i on .  
I n  F i g u re 12 ,  the  mean concentr at i on s  of so l ub l e  man g an e se i n  
the CC-2 eff l uen t  are p l o tted as funct i on s  of  app l i ed o z o n e  do s age . 
F rom F i g u re 1 2  i t  c an be ob served that  s i mp l e  aerat i on o r  ozon at i on at 
the 2 mg / 1  1 eve 1 d i d no t oxi d i ze muc h  of the man g an e se .  However , 
ra i s i n g  t he dos age to 4 mg/1  g rea t l y  i nc reased the o x i d a t i o n of man g a­
nese . At a do s age of 8 mg / 1 , the so 1 ub 1 e man g anese  w a s  redu c ed to 
abo u t  0 .10 mg / 1 . Th i s  rep resents  man g anese o x i d at i on o f  abo u t  95 pe r 
cen t . 
I nc reas i n g the  d o s age beyond 8 mg / 1  ac t u a l l y  i n crea sed the 
so l ub l e  man g anese  s l i gh t ly . At the t i me s amp l es were  be i n g  co l l ec ted , 
i t  was  no ted th at  at the  h i gher ozone do s ages the s amp l e s at a 
s l i g h t l y  pu rp l e  co l or .  App aren t l y , at the h i g h er o z o n e  do s ages , the 
ozone was o x i d i z i n g the so l ub l e  man g anese to Mn02 fi rs t and then to 
perman g an ate ( M n04) wh i c h i s  so l ub l e . Th i s  wou l d  e xp l a i n  the p u rp l e  
co l or o f  the  s amp l e s . As a res u l t ,  when the an a l y s i s was ru n on 
so l ub l e  man g anese  at t h e  h i gher  ozone dos ages , t h e  ma n g an e s e  i n  Mn04 
was be i n g me a s u red i n s te ad o f  t h e  i n i t i al so l ub l e  man g an es e .  Th i s  
wo u l d  i n d i c at e  a " break - po i n t "  at wh i c h a l l the  man g a n e s e  i s  i n  an 
i n so l ub l e  s t ate  an d beyond wh i c h beg i n s  con vers i on to a so l ub l e  
st ate ag a i n .  
F rom F i g ure 12 , i t  appears  th at detent i o n ti me h a s  a s l i
'
ght  
effect upon the  o x i d a t i on o f  so l ub l e  manganese  at the l ower dos ages 
bu t very l i t t l e  effec t a t  h i g her do s ages . The an a l y s i s of v a r i ance of 
the d at a ,  s hown i n  Tab l e  F4 , s u pports  th i s con c l u s i on . 
I n  ge n e r a l , a l l of  the  so l ub l e  i ron was  effec t i v e l y  o x i d i zed at 
the 4 mg / 1  do s age l e v e l  wh i l e  man g anese was no t effec t i ve l y  red u c ed 
un t i 1 the  d o s ag e  was  i n crea sed beyond 4 mg/ 1 . Furthermore , i t  i s  a 
we l l  e s t ab l i s h ed f ac t t h a t  man g anese i s  more d i ff i c u l t  to o x i d i ze t h a n  
i ron an d th i s  i s  cert a i n l y i l l ustrated c l e a r l y  by t h e  h i g h e r  o zo n e  
do s ages re q u i red fo r man g anese  oxi d at i o n . 
As po i n ted o u t  e ar l i er ,  the  ozone demand of the  r aw g ro u ndwater 
i s  betwee n 5 an d 6 mg / 1  depend i n g upon the  raw water q u a  1 i ty . The 
pr i m ary ozone demand i s  exerted by i ron and man g an es e , t h erefore , the 
mo s t  prob ab l e  op t i m um ozone do s age for i ron an d man g an e s e  remo v a l  i s  
be tween 5 and 6 mg / 1 . F i n a l ly , t he deg ree o f  i ron  and man g an e s e  o x i ­
dat i o n wa s no t g re a t l y  affec ted by the  l e ngth  o f  detent i on t i me i n  the 
op t i m um do s ag e  range . The se co nc
·
l us  i o n s  ag ree very we l l  w i t h  the 
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o b s e r v a t i on s  made by S toeb ner (17 ) du r i n g  h i s i n v es t i g at i on o f  u s i n g 
ozon e to remo ve i ron  and man g anese from the gro u ndw a t e r  s u pp l y  at 
B rook i n g s , Sou t h  D ak ot a .  
F i l te r  E ff l uent 
The so l ub l e  i ron  concent r at i on s  i n  the  f i l ter  eff l uen t are pre­
sen t ed i n  Tab l e  F5 . F rom these d at a ,  i t  c an be  seen t h a t re gard l es s  
of ozone d o s age o r  de ten t i on t i me ,  t h e  me an so l ub l e  i ro n  co n cen t r a -
·-
ti o n s  we re never g reater t h an 0 . 04 mg / 1 . Th i s i nd i c a te s  t h a t , e ven 
wi th s i mp l e  aer at i o n , near l y  99 per cent of the i ro n  had been oxi d i zed 
by t h e  ti me i t  reached the fi l ter . An an a l ys i s of  v a r i ance  of the 
dat a ,  s hown i n  Tab l e  F6 , con f i rmed th at the me an co n c en t r at i on s  of  
so l ub l e  i ron  we re no t s i g n i f i c an t l y  affec ted by c h a n ges i n  ozon e 
do s a g e  o r  detent i o n t i me . 
The tot a l  i ron  co nc entr at i o n s  i n  the fi l ter eff l uen t  are tabu -
l ated i n  Tab l e  F7 . The me an tot a l  i ron concentra t i o n s  i n  the fi l ter 
eff l ue n t  var i ed betwee n 0 . 02 an d 0 . 11 mg / 1 , a range of  v a l ues we l l  
be l ow t h e  USP HS d r i n k i n g wa te r st and ard s . Con cen t r a t i on s  o f  tot a l  
i ron i n  t h e  fi l ter  eff l ue n t  we re on l y  s l i g h t l y  l owe r d u r i n g  the  
oz on i zed ru n s  than  d u r i n g  s i mp l e ae rat i on .  
The concen t r a t i on s  of so l ub l e  and tot a l  mang an e s e  i n  t h e  fi l ter 
eff l ue n t  are pr esen ted i n  Tab l e s F9 and F11 , re s pec t i ve l y . Un for t u ­
nate l y , t h e  d at a  co l l e c ted o n  so l ub l e  and tot a l  m a n g anese con­
cen t r at i on s  we re ge ne·ra  l l y q u i te h i g h  and  very err at i c  d u r i n g  the  
vari o u s  run s .  For  to t a l  man g an ese , the me an concen t r a t i o n s  i n  the 
fi 1 ter eff l u e n t  we re abo v e  the USP HS d r i n k i n g wa t e r  s tand ard s for 
near l y  a l l d os age s and d e ten t i on t i mes . Fur t h ermo r e 9 a n  an a l y s i s  of  
vari ance of the  d at a , s hown i n  Tab l es F lO and  F12 , con f i rmed that  
ozone  do s age and  deten t i o n t i me had no s i g n i f i c an t  effe c t  u pon the  
con centrat i on o f  so l ub l e  and total  man g anes e i n  the  f i l te r  e ff l uen t . 
I n  mo s t  i n s t an ce s , at the 4 mg / 1  do s a ge and l ower ,  the  con ­
ce n t r at i o n of so l ub l e  ma nganese  i n  the fi l ter eff l uen t  wa s co n ­
s i d e rab l y  l owe r t h an i n  the con t ac t co l umn s eff l uen t . Obv i o us ly , 
add i t i o n a l ox i d at i o n  of the  ma n g anese  occu rred as  the  water en tered 
and pas s ed th ro u g h  the fi 1 ter . At the  8 mg/1  d o s ag e  and h i g her , t h e  
so l ub l e  man ganes e co nce n trat i o n s  i n  con t ac t  co l umn s a n d  fi l ter 
eff l ue nt were ro ug h l y  eq u al . 
F rom Tab 1 e s  F9  and Fll  i t  i s  noted t h a t  v i r tu a l l y  a 1 1  of the  
man g anese  was  i n  the so l ub l e  s t ate as i t  l ef t  the  fi l te r .  Th i s s how s 
th a t  the  f i l te r  med i a was  pe rformi n g  sat i s fac tor i l y  by r emo v i n g  v i r ­
tu al ly a l l the  i n s o l ub l e  man ganese . A t  t h e  4 mg / 1  d o s ag e  and bel ow ,  
comp l e te o x i d a t i on  was  not  t ak i ng p l ac e and some o f  t h e  s o l u b l e  manga­
ne s e  was  pas s ; n g  t h ro ug h  the  f i  1 te r .  As noted  pre v i o u s l y , at the  8 
mg /1  d o s ag e  and above , there i s  s trong i nd i c a t i o n t h a t  s o l ub l e  per­
man g an ate was be i n g fo rmed wh i c h wo u l d ,  i n  tu r n , p a s s  r i g h t  th ro u g h  
t h e  fi l te r . Th i s a l l s ug g e s t s  th at the 4 mg/1  d o s age w a s  t o o  l ow and 
an 8 mg /1  do s ag e  may have been s 1 i ght ly too h i g h .  The p ro per  d o s ag e  
i s  prob ab l y i n  the  ran ge of 5 to 6 mg / 1 . 
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F i l ter P erfo rman ce  
To  s tu dy f i l ter  perfo rman ce , the p i l o t p l ant  was  ���r a ted at  an  
ozon e d o s age of 8 m g / 1  an d s i nce detent i on t i me was  d etermi n ed to h ave 
l i t t l e  effec t u pon  o x i d at i on , a 5 -m i n u te deten t i o n t i me was sel ec ted . 
A fi l ter  rate o f  5 m/ h r  ( 2  gpm/ft 2 ) was u sed . Tab l e  F13  i n c l ude s  the 
i ron  an d ma n g anese  con centrat i on s  i n  the  fi 1 ter  i nf l u e n t  at vari o u s  
t i me s  d u ri n g  t h e  r u n . The d a t a  revea l t h a t  the  co nce n t r at i o n s  of 
to t a  1 and so 1 ub 1 e i ro n  and manganese i n  the fi  1 ter i nf l uen t were 
fa i r l y  con s tant  t h ro ug h o u t  the f i l ter  run . 
I n  F i g u r es 13  and 14 , the  i ron and man g an e s e  con c en t r at i o n s  i n  
the f i l ter eff l ue n t  are p l o tted as funct i on s  of t i me .  I t  i s  ob served 
th at , af ter  app ro x i m ate l y  24 ho urs , f i l ter b re ak t h ro u g h  was  c l e ar l y  
ev i dent . At  32  ho urs , to t a l  break th ro ugh h a d  occur red . I t  i s  obv i o u s  
from the fi g u res th at  the  b reak t h ro ugh c an be att r i b u ted to i n so l ub l e  
i ron  an d man g an e s e  bec au se so l ub l e  concen trat i on s  remai n ed co n s tant  at 
0 . 02 mg / 1  or  l es s . 
D u r i n g  the  f i rs t 24 ho urs of the fi l ter ru n , concentr at i on s  of 
i ron  and man g anese  i n  the fi  1 ter eff l uent  were 1 e s s  th a n  the U SP HS 
dri nk i n g water s t an d a rd s .  However , at  28 ho urs , b re ak t h ro u g h  occ u rred 
an d the con cen t r at i on o f  ma n g an e se i n  the fi l ter eff l uen t w a s  th ree 
t i me s  greater t h an the U SP HS l i m i ts . Bas ed on t h e s e  p l o t s , the 
an t h r ac i te f i l ter  med i urn u sed wo u l d  app aren t l y  resu l t  i n  f i l ter r u n s  
o f  24 ho u r s  o r  l e s s . 
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A fu l l - sc a l e ozon at i on /f i l t r a t i on treatment  p roc e s s  u s i ng some 
type of co agu l at i on and sed i ment at i on pri or to f i l t r a t i on wo u l d  pro ­
d u c e  l e s s  of  a l o ad o n  the  f i l ter . Th i s  type of  sc heme wou l d  prob ab ly 
res u l t  i n  l on ger fi l t e r  r un s . 
F i g u res 1 5  thro u g h  20 show the i ro n  and man g an e s e  co n ­
ce n t r a t i on s  a s  fun c t i o n s  of  f i l ter med i um dep t h  a t  t h e  begi n n i n g ,  
mi d d l e ,  and end of t he f i l ter  run . These d a t a  were tak e n  from Tab l e s  
F15  an d F 16 i n  Append i x  F .  F i g u res 1 5  and 16 revea  1 t h a t , a t  the 
beg i n n i n g o f  the fi l t e r  run , mo s t  of the i ron  and man g a n e s e  was bei n g  
remo ved by t h e  t o p  7 . 6 - cm  ( 3- i n )  l ayer . W he n  the  f i l te r  r u n  w a s  abo u t  
ha l f  o ver  ( at 1 6  ho u r s ) ,  as  s hown by F i g u res 17  a n d  18 , t h e  i ron  and 
man g an e s e  remo v a  1 p rofi  1 e had chan ged drama t i c a l l y . At t h i s po i n t ,  
mo s t  of the  remo v a l  w a s  oc c u rr i n g  i n  the mi �d l e  l ayers o f  the  f i l ter 
med i um .  F i n a l l y , a s  s hown i n  F i g u res 19 and 20 , the  ent i re f i l ter 
med i um bec ame s at u r ated w i t h  i ro n  and man ganese at 32  ho urs . 
As  ev i d e n c ed f rom F i g u res 1 6 , 18 , and 20 , the  con cen t ra t i on s  of 
so 1 ub 1 e man g anese  decreased  as  the water p a s s ed t h ro u g h  the fi 1 ter 
med i um .  Th i s s ho u l d  seem to i nd i c ate th at the  o x i d at i o n  of  man g an e se 
con t i n u ed as the w a t e r  pas s ed t h ro u g h  the fi l te r  med i um .  
F i l ter Head Loss  
The head l o s s  d at a  co l l ec ted d u r i n g  the 32 - ho u r  f i l ter run are 
pre s e n ted i n  Tab l e  G 1 . D ur i n g th i s  fi l ter run , the p i l o t p l an t was 
ope rated at an 8 -mg /1  ozon e do s age , 5 -m i nu te d e te n t i o n t i me ,  an d 
5 -m/ h r  ( 2  gpm/ft 2 ) f i l t r at i o n rat e . 
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Head l o s s e s  t h ro u g h  the  f i l ter are p l otted for v ar i o u s  s amp l i n g 
t i mes  i n  F i gu re 2 1 . Th i s  f i gure  s hows that head l o s s e s  are non l i near 
wi t h  res pe c t  to dep t h  and the 1 argest . amo unt  of head l o s s  oc c u r s  i n  
the top 1 aye r  of the  fi  1 ter . Howe ver , as the fi 1 t e r  run  prog res s ed , 
the amo u n t  of  he ad l o s s  t hrough  the second and th i rd l ayers a l so 
bec ame q u i te 1 arge . As Stoeb ner ( 17 ) obs erved , once  the u pper 1 ayer 
of f i  1 ter  med i um bec ame s a t u r ated wi th ox i d i zed i ro n  and man g anese  
par t i c l e s ,  the l ower l ayer had to ass ume more o f  the f i l t e r i n g  bu rd e n . 
F i g u re 22 s hows a p l o t of to t a l  fi l ter head l o s s ver s u s t i me or 
vo l ume o f  water fi l te red . I n  ge nera l , the rate of i nc re a s e  i n  tot al  
fi l t er he ad l o s s  rem a i n ed fa i r l y  co n s tant as  the f i l te r  ru n p rog-
res s ed . F i g u re 22 a l so  s how s p l ots  of the he ad l o s s e s  occ u rr i n g 
through  eac h of the f i r s t  t h ree med i a l ayers as func t i on s  of  t i me .  
The r ate of head 1 a s s  i n crease through the f i rs t 1 aye r  w a s  ste ady 
fo r the  f i r s t  16 ho urs  then  tap e red off . Afte r  16 ho u rs i n to the 
fi  1 ter  ru n , the  top 1 aye r bec ame camp 1 ete l y  s a t u r ated an d the head 
l o s s i n  the  second l ayer of f i l ter med i um beg an to i n c r e a s e  r ap i d l y $  
Whe n  the  seco n d  1 aye r  app ro ached satu r at i o n , head 1 a s s  th ro u g h  the 
th i rd l ayer began to r i se a l so . App arent l y , as eac h s u c ces s i ve l ayer 
bec ame s a t u r ated w i t h  i ron and man g anese , the fi  1 ter i ng bu rd e n  was 
pa s s ed on  to the  next l owe r l aye r u nt i l  break t h ro ug h  f i n a l l y  occu rred . 
C h l o r i ne D emand 
The c h l o r i n e  demand data  col l ected d u r i n g  the 66 ope ra t i n g  r u n s  
are tabu l ated i n  Tab l e  H 1 . An a l y s i s  o f  vari ance of  the d at a ,  s hown i n  
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T ab l e  H 2 , revea l ed t h a t  s i g n i f i c an t  d i fferences ex i s ted between the 
me an ch l o r i n e · · dem a n d s  at t h e  vari o us ozon e do s ag e s . Deten t i on t i me 
was s how n to h a ve no  s i g n i f i c an t  effect  on  c h l o r i n e  deman d . 
By s i mp l y  ae rat i n g t he water , a ch l or i n e  demand redu c t i o n  o f  
abo u t  26 pe r cent  was ac h i eved . Aera t i on , i n  i t s e l f ,  o x i d i zes i ron  
and  man g anes e from gro undwater and bec a u se a maj o r  por t i on o f  the 
ch l or i n e  dem and i s  exe rted by the i ro n  and man g an es e , i t  wo u l d  
n a t u r al l y  fo l l ow t h a t  a red u c t i on_ i n  the ch l o r i ne  demand wo u l d occ u r  
a s  a re s u  1 t of aer at i on .  Ozone dosages u p  to 8 m g / 1  re s u  1 t e d  i n  an 
ad d i t i o n a l  8 pe r cent  red u c t i o n for a to t a l  of  34 pe r c e n t . B ased on 
the se resu l t s ,  i t  .wo u l d  appear that an opt i m um d o s ag e  of 5 to 6 mg/1  
sho u l d  re s u l t  i n  a 30 to 40 pe r cent red uc t i on i n  c h l or i n e  demand . 
The c h l o r i n e  dosage at  the S i o u x  F a l l s  Water Tre a tmen t P l a n t  
du r i n g  t hese  i n ve s t i g a t i on s  was 8 . 5  mg/1 . The average c h l o r i n e  demand 
of the  raw gro undwater was app ro x i mate l y  6 .  0 mg / 1 . The ch  1 or i ne  
demand o f  the  tre a ted water from the p i l ot p l a n t  was  ap p ro x i m a te ly  4 . 0  
mg/ 1  .. S i n ce a 2 mg/1  res i d u a l i s  des i r ab l e  i n  t h e  d i s tr i b u t i on 
sy s tern , t h e  mo s t  pro b ab 1 e c h  1 o r i  n e  do s ag e  wo u 1 d be abo u t  6 .  0 mg/1 , 
shou l d  an o zo n at i o n sy s tem be i n s t a l l ed .  I n  effec t ,  a n  ozo n at i o n 
sy s tern shou  1 d red u c e  the c h  1 o r i  ne  dosage by abo u t  2 .  5 m g / 1  • B as ed 
upon a p roj ec ted average d a i l y  f l ow of 15 . 0  MGD , ch l or i n e  u s a ge co u l d  
be red u ced by 57 ton s /y r  as a res u l t  of ozon at i on . 
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Cost  of Ozon at i o n 
The to t a l  co s t  of  an ozon at i on system can  be separ ated i nto a 
con s tru c t i o n co s t  and an ope rat i n g co s t .  The con s tru c t i o n cos t  con ­
si s t s  o f  t he ozone generat i on sy stem and the ozone  c o n t a c t  chamber . 
Ope r at i n g co s t s  co n s i s t of  expendi tures fo r energy , l ab o r , mai n ­
te n an ce , and mater i a l s .  
B as e d  on the s tu d i es descri bed he re i n ,  an ozone  generat i on 
sy s tem c ap ab l e  of  pro v i d i n g  8 mg /1 ozone at des i gn f l ow wo u l d  be 
req u i r ed a l on g wi t h  a con t ac t  c h amber s i zed on the b as i s o f  p ro v i d i n g 
a 5 -m i n u te deten t i o n  t i me .  U s i n g  the de s i g n  c ap ac i ty o f  t he S i o u x  
F al l s  Water Trea tmen t  P l an t  o f  196820 m3 /day ( 52 MGD ) , a n  ozone 
generat i o n c ap ac i ty of 1574 k g /day ( 3470 l b /day )  and a c on t ac t  c h amber 
vo l ume of  683 m3 ( 24234  ft 3 ) wo u l d  be req u i r ed . The d e t a i l s of the 
co s t  an a l y s i s  c a l cu l at i o n s  c an be fo und i n  Append i x  J .  
I n  e s t i m at i n g t h e  co s t  o f  i n s t a l l i ng and op er at i n g a n  ozon at i on 
sy s tem , co st  curves devel oped by the U n i ted· States  E n v i ronmen t al 
P ro tec t i on Age ncy ( EPA ) we re u sed ( 7 ) . At generat i on rates  g reater 
than 45 . 4  k g /day ( 100 l b /day ) , p u re oxygen genera ted o n - s i te i s  the 
feed fo r the ozone generator . The man u factu r ed eq u i pme n t  co s t  for 
ozo ne ge nerat i on i n c l udes the gas prep ar at i on eq u i pmen t ,  oxy gen 
ge nerat i o n eq u i pmen t , the ozone gene rator , d i s s o l ut i on eq u i pmen t , off 
gas recyc l i n g  eq u i pm n t , e l ec t r i c a l  an d i n s trumen t a t i on  c o s t s , and a l l 
req u i red s afety and mo n i tor i n g eq u i.
pmen t .  Al l o z on e- ge n e r a t i n g eq u i p ­
me n t  w a s  con s i dered t o  b e  ho u sed , bu t oxygen - generat i n g eq u i pmen t  
wou l d  be  ou t s i d e o n  a con crete s l ab .  
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The ozone co n t ac t  c h ambe r  wo u l d  con s i s t  o f  a co vered , re i n ­
forced con c r ete s truc t u re w i th a l i q u i d depth  o f  18 ft , and a l en g t h ­
to -wi d t h  rat i o  o f  app ro x i mat e l y  2 : 1 .  P ar t i t i on s  wo u l d  b e  u t i l i zed 
wi t h i n the  c h amber to a s s ure u n i form f l ow d i s tr i bu t i on . 
I n  the  EPA  co s t  es t i m ate , i t  was as s umed that  ozone  gener at i on 
us i n g oxy gen fee d  wo u l d  req u i re 16 . 5  k W- hr/kg  ( 7 . 5  k W- h r/ l b )  of ozone 
prod u c ed . The se fi g ures i n c l ud e o xygen generat i on ,  ozone  ge nerat i o n , 
and ozone d i s s o l ut i o n . To determi n e  the ann u a l  energy co s t ,  a u n i t  
pr i c e o f  $0 . 03 5 / kW- h r  was  as s umed . L abor req u i r eme n t s  fo r per i od i c  
ma i n te n ance o f  the o z o n e  generat i n g eq u i pmen t  and con t a c t  c h amber were 
con ve rted to  an n u e3: l  co s t  u s i n g  a l abor rate of $1 0/ h r . M a i nten an ce 
ma teri a l  req u i reme n t s  are fo r pe r i od i c  eq u i pment  rep a i r and rep l ace­
ment of part s . B as ed upon  man u facturers • recoiTillend a t i on s ,  an ann u a l 
ma i n ten ance materi a l  req u i rement  of 1 per cen t  o f  co n s truc t i on co s t  
wa s u t i l i z ed . 
S i n ce the EP A co s t  c u rves were b ased on October 1 9 7 8  va l ues , i t  
wa s · nec e s s ary to upd ate the co sts  u s i n g  i nd i ces  pub l i s hed by 
Engi n ee r i ng N ew s  R ecord  ( 5 ) and by the U n i ted S ta t e s  Dep a r tmen t  of 
L ab o r  ( 1 1 ) . W i t h  these  i nd i ces i t  was po s s i b l e  to u pd a te the co s t s  to 
Apr i l 1981  pri ces . The c a l cu l a t i o n s  i n vol ved i n  the es t i mat i n g and 
upd a t i n g  proces ses  are p res ented i n  Appen d i x  J, and the res u l t s are 
su i11Tl a r i  z ed i n  Tab 1 e 2 .  F rom th i s  sunmary i t  c an be  see n t h a t  the 
to t a l  co s t  o f  con s tr u c t i n g  the ozon at i on sys t em was e s t i m ated to be 
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Table 2 .  Cost of Constructing ani Operating an �?:nati-on System 
-
Manufactured Fq uiJIIlent $ 2 , 068 , 450 
= C oncrete $ 3 , 120 Q) 
+l 
[/) 
Q) >, 
� Cf.)  Steel $ 3 , 070 0 
N � 
0 0 
.,... � �  Labor $ 337, 720 
'H f-4 Q) 
� 
Housing $ [/) Q) ·- 53 , 720 +l c_:, [/) 
0 
0 
� 
Miscellaneous and Contingency $ 369 , 910 
0 
.,... 
+l Excavation and Sitewark $ 3 , 190 g � � 11 ,460 Ul C oncrete $ � Q) E$ 0 § �  0 
N O  
Steel $ o +l  1 8 , 870 
� � 'H 1:  Labor $ 24, 200. 0 
0 
Miscellaneous and C ontingency $ 8 , 660 
Total C onstruction C ost $ 2 , 902 , 370 
Cll 
+l Maintenanc e Materials $ 41 , 740/yr Cll 
re o  
s:: o 
� 
Electrical Energy 96 , 890/yr Q) $ s:: 0 
0 s:: � �  
Labor $ 29 ,200/yr � Q) ��  
0 � 
Total Operation and Maintenanc e Cost $ 167 ,830/yr 
Note : All calculations were :OO.sed upon a maximum design flow 
of 52 MGD except for electrical energy c osts . Eiectrical 
energy c osts were based upon projected average flows . 
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Table J .  Total Annual. C ost of Ozona.tion at Various Interest Rates 
Interest Capital Annual Total 
Rate Recovery !Repayment Annual 
Factor on Construe� Cost 
·-
tion Cost 
per cent $/yr $/yr 
7 0 . 09439 273, 9 5 0  441 , 780  
8 0 . 10 1 8 5  295 , 61Q 46 3,440 
9 0 . 1 09 5 5  31 7, 9 5 0  485 , 78 0  
10 0 . 11746 )40 , 9 10 5 0 8 , ?40 
11 0 . 125 5 8  364; 480 5 32, .310 
12 0 . 1.338 8 ) 8 8 , 570 5.56,40 0 
13 0 . 14235 413, 15 0 .580 , 9 80 
14 0 . 15099 438 , 230 606, 0 60 
15 0 . 159 76 46 3, 68 0 631, 5 10 
16 0 . 16867 489 , 540 657, 370 
17 0 .17?69 5 15 , 72e 683 , 5 50 
18 0 . 1 8 68 2  542 , 220 710 , 0 5 0  
Note : total construction cost = $2 ,9021370 
0 and M 
Cost per 
) .79 m3 
( 100 0 gal) 
¢ 
3.1 
). 1 
3. 1 
3. 1 
.3. 1 
. 3. 1 
3 . 1 
3. 1 
3 . 1 
) . 1 
). 1 
3. 1 
annual operation and maintenance cost = $167,830 
Total 
Annual 
Cost per 
( 10 00 gal) 
¢ 
8. 1 
8. 5 
8. 9 
9. 3  
9 . 7 
10 . 2  
10 . 6  
11.1 
11 . 5  
12. 0 
12. 5 
1 3. 0  
Costs per gallons treated are tased upon a projected average 
flow of 15 I«;D . 
CONC L U S I ON S  
B as ed upon  the res u l ts o f  th i s i n v es t i g a t i on , t h e  fo l l ow i ng 
con c l us i o n s  we re mad e :  
1 .  The tr an sfer  eff i c i ency o f  the ozone con t ac t i n g  sys tem decreased 
s i g n i f i c an t l y  wi t h  i n c reases  i n  ozone d o s ag e , b u t deten t i on t i me 
had no s i gn i f i c an t  effect on  tran sfer eff i c i ency .  
2 .  The temperatu re o f  the water was not affected by ozone  dos age but  
·-
d i d i n c rease  w i th  i n creased detent i o n t i mes . The pH ten d ed to 
dec rease s 1 i g h t  l y  w i th i ncrea sed dosage at any g i ven deten t i on 
t i me .  The p H  gener a l l y  i nc rea sed as the wate r  f l qwed t h rough  the 
p i l o t p l a n t  as a res u l t  of c arbon d i o x i de l i b er at i on ,  p r i m ar i l y  
due  to ae r at i o n . 
3 .  The degree o f  i ro n  an d man g anese ox i d at i o n was g re at l y affec ted by 
ch a n ges i n  ozone  d o s age bu t was not great l y  affec ted by c h anges  i n  
dete n t i o n t i me .  A 5 -mi  n u te detent i on t i me appe a r s  to be suf-
fi c i ent . 
4 .  I ro n  was tot a l l y  ox i d i zed at an ozone dosag e  o f  4 mg/1  wh i l e 
man ganese  was  no t effec t i ve l y  ox i d i zed u nt i l t h e  d o s age was  
i n c reased beyond 4 mg / 1  • At dosages of 8 mg /1  and beyond , for -
mat i on o f  so l ub l e  pe rman g an ate  beg an . Th i s  wo u l d  i nd i c ate that  
the opt i m um dos age i s  s l i ght l y  l es s  than  8 mg/1  and b a sed upon 
ozone  demand i s  prob ab l y  i n  the r ange o f  5 to 6 mg / 1 . 
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5 .  B as ed u po n  a pr esent average d a l y  f l ow of 12 . 25 MGD , the  opt i m um 
do s age (5  to 6 mg/1 ) i s  eq u i v a l ent to 51 1 to 6 1 3  l bs 03/day .  A 
fu l l - sc a l e ozon at i on sys tem s ho u l d  have  the c ap ac i ty to pro v i de 8 
mg / 1  at d e s i gn f l ow (52 MGD ) . A un i t  c ap a b l e  o f  pro v i d i ng 3500 
l b s /day wou l d  be spec i f i ed .  
6 .  T he an t h r ac i te f i l te r  med i um was  effec t i v e  i n  remo v i n g  the  i n so l ­
ub l e  i ro n  and mang an es e . 
7 .  At a f i l t e r i n g  rate o f  5 m/ h r  ( 2  gpm/ft 2 ) ,  the max i m um pract i c a l  
l ength  o f  f i l te r  ru n wo u l d  b e  abo u t  20 ho urs . 
8 .  Head l o s s  th ro u g h  the pi l o t  fi l ter was  no n l i n e a r  w i t h  re spect to 
med i a  d ep t h  w i t h  the l a rge s t  amo unt  of he ad l o s s  occ u rr i n g  i n  the 
upper l ayers o f  the  f i l te r  med i um .  
9 .  Th e rate  o f  i n crease  i n  t o t a l  f i l ter head l o s s  rem a i n ed con s tant _ 
wi t h  i n c r e a s e s  i n  f i l t r at i on t i me after b ackwa s h . 
10 . Ozo n at i o n  of t h e  g ro u ndwater res u l ted i n  a 34 pe r cent red u c t i on 
i n  the  c h l or i n e  demand o f  the wate r  ( 6 . 0  to 4 . 0  m g / 1 ) .  On  a fu l l  
sc a l e ,  an ozon at i o n sy s tem wo u l d  p rec l ud e  the need for 57 to n s /yr 
of c h l o r i n e  b a s ed upon projec ted average f l ow s . 
1 1 . B as ed u pon  Apr i l 1981 pri ces , the oper at i o n and  ma i n t en an ce co s t  
o f  a n  o zon at i o n sy s tem for t h e  c i ty o f  S i o u x  F a l l s  wa s es t i mated 
to be 3 . 1 ¢ pe r 3 . 79 m3 ( 1000 ga l ) .  At an i n teres t rate o f  12 per 
ce n t , t h e  to t a l  an n u a l co s t  was  e s t i m ated to be 1 0 . 2 t per 1000 
ga l l on s . 
RECOMMENDATIONS FOR FUTURE STUD I ES 
The fo l l ow i n g  recoiTillend at i on s  are made for fu t u re s t u d i es 
i n v o l v i n g  the ozone  p i l o t p l an t . 
1 .  The res u l t s o f  th i s  s t u dy i nd i cated t h at ozon at i on w a s  effec t i ve 
i n  red uc i n g  t h e  c h l or i ne demand of gro u ndwa te r . I t  wou l d  be 
i n teres t i n g  to s tu dy the effect  of ozon at i on on c h l o r i n e  demand of 
a s u rface water s u pp l y . 
2 .  S i nce  t h e  co s t  of  energy i s  a majo r  fac tor i n  an o zo n at i on sys tem ,  
i t  wo u l d  b e  i n teres t i n g  t o  s tudy the energy effi c i e n cy o f  the 
pi l o t p l an t .  Th i s  co u l d  be accomp l i s hed by i n corl?o r at i n g a watt 
meter i n to  the sys tem . 
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APPENDI X A 
LI ST Of SYMBOLS AND ABBREVIATIONS 
LI ST OF SYMBOLS AND ABBREVIATIONS 
AWWA = Ameri can Water Works Associ ati o n 
BLS = Bureau o f  Labor Sta ti sti cs 
Ci = ozone concentrati o n  i n  ozoni zed gas  ( mg 03/l gas ) 
CC -1 = contact col t.111n nll11ber one 
CC -2 = conta ct col t.111 n nt.anber two 
D = appli ed ozone dosage  ( mg 03/l H 20 )  
E = ozone tran sfer effi ci ency 
ENR = Engi neer i ng News Record 
Og = gas flow rate ( sl  pn) 
01 = 1 i qui d f1 ow r·ate ( 1 pn )  
s l  pm = standard li ter s per m i n ute 
T = detenti on ti me ( mi n )  
US PHS = Un i ted States  Publi c  Health Serv i ce 
¥ = 1 i qui d  v ol tJne of  co nta ct coltrnns ( 1 i ters ) 
Wi = wei ght of  o zone enter i ng the contact columns v i a the contacti ng 
gas ( g/ hr ) 
W0 = wei ght of  o zo ne leav i ng the contact columns v i a  the o ff-gas ( g/ hr )  
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APP E ND I X B 
E XPER IME NTAL CALC ULAT IONS 
62 
I 
E XPER IMENTAL CALC ULATIONS 
A.  Ozo ne Conc en trati o n  
C =  W t  OJ 
v 
where : C = ozo ne concentr ati o n  ( mg OJ / l  gas )  
Wt  OJ  = we i ght o f  ozo ne trapped in  the pota ssi um i odi de 
sol uti o n  ( mg ) 
V = volume o f  gas  that pa ssed  throug h t he wet- test meter 
correc ted to standard temperature and pressure 
Wt OJ = ( N ) ( ml ti trant)  ( 24 )  
where : N = nonn ali ty o f  sodi um thi osulfate soluti o n  
where : V = volume o f  g as that pa ssed through t he wet- te st meter  
corrected to st andard temper ature and pressure 
V1 = actual voltJne of  gas tha t p assed through the wet- te st 
meter ( 1 i ters )  
P1 = adj usted pressure = atmospheri c press ure + wet- te st meter 
m anometer deflecti o n - water v apor pres sure = __ an H� 
P2 = stand ard pressure = 1 atmosphere = l OJJ an H2<l 
T1 = room temperature = oc + 2 7J = 
r2 = standard temperature = 2 soc + 2 73 = 2 980K 
B .  Ga s  F1 ow Rate 
. 
Og = ( Q 1 ) ( P 3/P 4 )  � !T2/T3 ) 
where : Qg = gas flow ra te correc ted to standard temper ature and 
p r es s ure  ( sl pn )  
Ql = actua l  g as f1 ow rate ( 1 pn )  
P J  = gage b ackpressure + b arometr i c  pressure ( mm  Hg )  
64 
P4 = cal i b r ati o n  g age pressure + st and ard pressure_ = 776 mm Hg 
+ 760 11111 Hg = 1 536 ntn Hg 
T 1 = room temper ature = oc + 273 = 
T 2 = st and ard temper ature = 2soc + 2 73 = 2 98
0K 
T3 = cali b r ati o n  temper ature = 21  oc + 2 73 = 2 94
0K 
C .  Ozo ne Mass Flow R ate 
W = ( O g) ( C ) ( 60 mi n \ ( g ) 
hr  �  
where : W = ozone m ass flow r ate ( g/ hr )  
Og = g as flow r ate ( s l  pn )  
= ( 0 .  06 ) ( Q g) ( c )  
C = ozo ne concen tr ati o n  ( mg OJ/1  g as )  
D .  Tr ansfer Effi ci en cy 
E = ( 1 00 ) ( W; - W0 ) /W; 
W i = ( 0 .  06 ) ( Q g ) ( C; ) 
w0 = ( 0 .  06 ) ( Q g ) ( C0 ) 
where : E = ozone tr an sfer effi ci ency ( per cen t)  
W; = m ass flow r ate of ozo ne enteri ng the cont act collJTins v i  a 
the conta cti ng g as ( g/ hr )  
w0 = m ass  flow r ate o f  ozone 1 e av i ng the contact coll.lllns v i a 
the o ff-g as ( g/ hr )  
Og = g as flow r ate ( s l  pn )  
Ci = ozone conc entr ati o n  i n  the cont acti ng g as ( mg  03 /l  ai r )  
c0 = ozone conc en tr ati o n  i n  the o ff- g as ( mg 03 /l  ai r )  
E .  Appl i ed Ozone Do sage 
D = ( C; ) ( Q gl Ql ) 
where : D = appl i ed ozone dosage ( mg/ 1 ) 
C; = ozo ne conc en trati on i n  the contac ti ng g as ( mg OJ /l ai r )  
Qg = ozoni zed ai r f1 ow rate ( sl pn )  
Ql = water f1 ow rate ( 1 pn )  
F .  Ozo ne Resi dual 
OR = 
Wt OJ 
Yo 
Wt OJ = ( N ) ( ml ti tran t) ( 24 )  
where : OR = ozone resi d ual ( mg 03 /l H20 ) 
Wt 03 = wei ght o f  ozone trapped i n  the pota ssi um i od i de 
so 1 uti on  ( mg ) 
Y0 = vol ume o f  water sampl e ( l i ters)  
N = no nnal i ty of  the sodi  urn thi osul fate ti tr an t 
G .  Chl ori ne Demand 
Cl d = Cl a - Cl r 
where : Cl d = chl ori ne  demand ( mg Cl / 1  H20 ) 
Cl a = appl i ed chl ori ne dose = 8 .  5 mg Cl / 1  H2<) 
Cl r = chl ori ne resi dua 1 ( mg Cl / 1  H20 )  
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APPENDI X C 
TRANSF ER EFF IC IENC Y AND OZ ONE RES IDUAL: 
R ESULTS AND S TA TI S T ICAL ANALYSES 
-r-4 .......... 
� 
r.1 t..:! § 
� 0 � 
&1 ..... 
It A. < 
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Table C 1 , Transfer Efficiencies (per cent) 
DEI'Fll'I'IOU '!T::E ( mi:lutes ) 
5 10 15 2C 
95 . 9  94. 5 93 . 9  91 . 9  
81. 0 91. 0  94.2 90.5 
90. 7 84 , 8  89. 0  90 . 2  
89.2 90 . 1 92.4 90:9 
90 . 3 90 . 1  90 . 9  91 . 2  
78. 0  79 . 8  81 , 0  89. 0  
86. 3 85. 1 84 , 2  86 , 6  
-e4.9 8s. o  ss.4 � 
79 . 0  84. 7 91 . 9  
7? . 9 72. 0  ?6 . 4 
81 . J ?t . 5 ?8. 8  
7? . 7  82 , :;.  
81 . 3 82 . 8  
67.6 ?0 . 0  
78. 8  n. o 
75. 9  76.b 
30 
90 . 6  
�o . o  
91 . 0  
90:5 
39 . 7  
89 . ) 
64. 3 
8? . 9  
8? . 5 
81 , 4  
82. 9 
s:-
?0 . ?  
76 . 6  
7J . 9  
Table C2 . Analysis of Variance of Transfer Efficiency Data 
Source Sum of Degrees of :·!ea.n C omputed 
of Error Squares E'reedom Square F 
Dosage 149) . 2208 J 497. ?403 I 20 , 0) -
I 60 . 6186 I 1:.: 1 5 . 1 547 I 0 . 61 I Time l I I I 80 . 3742 9 8. 9)08 i 0 . )6 Interaction i 
Error i � . 13)3 i J4 I 24, 3510 ! I 
'!'otal j 249). 1804 l ! I I 50 ! 
- s�icant at the 1 per cent level 
6? 
e 
-
< 
� 
lir1 Co-' § 
� 0 � 
fa 
M E < 
Table CJ . Ozone R esiduals (mg Oy'l HzO )  
DE'l'ENTION TIME (minutes) 
5 10 15 20 30 
o . oo o . oo o . oo o . oo o . oo 
o . oo o . oo o . oo o . oo 0 . 00  
2 o . oo o . oo o . oo o . oo o . oo 
o . oo 0.00 o . oo c . oo 0:00 
o . oo o . oo o . oo o . oo o . oo 
4 o . oo  o . oo o . oo o . oo o . oo  
o . oo o . oo o . oo o . oo o . oo 
o . oo o . oo 0:00 o . oo o . oo 
0 . 65 O . JO O . JO 
0 . 90 0 . 41 0 . 10 
8 
0 . 51 0 . 10 0 . 10 
o .69 0 . 27 o.I7 
1 .48 1 . 19 0 . 90  
2 . 19 1 . 80 1 . 05 
12 
1 . 40  1 . 40  0 . 82  
1M � 0 . 92 
Table C4 . Analysis of Variance of Ozone R esidual Data 
Source Sum of I Degrees of :'iea."l Computed of Error Squares F'reeciom Square F 
Do�e . 12. )81. 1 J 4. 1270 I 165 . L;.8  
-
I 0 . 849.5 4 0.2124 l 8 • .52 Time I -
Interaction 1 . 2221 9 I 0 . 13.58 I .) . :...!;. -
!!rror l 0 . 8479 I J4 I o . �L:.9 I l 
Tota..l t6 . ot66 .50 l I I 
** �1cant at �e 1 per cent level 
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APPE NDI X D 
RAW WATER SAMPLES :  
TEM PERATURE, p H, CHLOR INE DEMAND,  
AND I RON AND MANGANESE CONC ENTRATIONS 
Temperature,  p H, Chl ori ne Demand , and Iron and Mangan ese 
Co nc entrati ons  o f  Raw Water Sampl es ( 66 ob serv ati ons )  
Temperature 
mean = 14 . 1° C 
standard dev i ati o n = 1 .  05°C 
mean = 6 .  75 
stand ard dev i ati o n = 0 . 1 5  
Chl ori ne Demand 
mean = 6 .  00 mg/ 1 
sta ndard dev i ati on = 0 . 35 mg/ 1 
Iro n  
Total : 
mean = 3. 9  mg/ 1 
standard dev i a ti on = 1 . 6  mg/ 1 
Manganese 
Total : 
m ean = 2 . 3 mg/ 1 
standard dev i ati o n  = 0 .  3 mg/ 1 
Sol ubl e :  
mean = 2 .  6 mg/ 1 
standard dev i ati o n = 0 .  7 mg/ 1 
Sol ub1 e :  
mean = 2 .  3 mg/ 1 
· standard dev iat1 on = 0 .  2 mg/ 1 
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APPENDI X E 
HYDROGEN ION CONC ENTRATIONS : 
R ESULTS AND STATISTICAL ANALYSES 
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Table E1 . Hydrogen Ion C oncentrations in CC-2 Effluent (H+ X 1010) 
-...... .......... 
� 
Cirl � Cl) 8 
� 0 � 
a .... 
� Q. � 
DE.TENTION TI:-:E (minutes )  
5 10 15 20 30 
1 122 891 794 447 6 )1 
141 3  1122 891 1000 708 0 
1259 6)1 708 447 J16 
1265 881 798 631 552 
1122 891 794 794 447 
794 1 000 1259 794 .501 
2 1995 1995 1585 1778 708 
1 )04 1295 121 3  1 1 22 552 
891 891 1000 708 501 
2512 1000 891 1 122 724 
4 2818 1259 1778 1995 1 1 22 
2074 1050 1223 1275 782 
� 
1 58.5 1000 562 631 
1778 794 12 59 708 
8 1413 1000 1778 1413 
1 592 931 1200 917 
\ '•' �?\ � 
891 631 562 �M ••P 1413 1259 891 
12 rd r..-.\ 1 585 1259 1259 
mea: \ 1296 1050 904 
Table E2 . Analysis of Variance of CC-2 Effluent 
Hydrogen Ion C oncentrations 
Source S um  of Degrees of 
of Error Square$ Freed on 
Do�e 2 1 43358 . 1 4 
Time 4)66647. 9  4 
Interaction 1676270 . 4  1 )  
Error I 8?04)76 . 0  � 
Tot&l 1640)460 . 7 65 
• s�icant at the 5 per cent level 
++ sigr�ficar.t at the 1 per cent level 
Mean ::: omputed 
Square 
535839 . 5  2 .  71 
I 
! 
1091662 . C  5 . 52 I -
128943 . 9  0 . 65 ! 
197826 . 7  
I 
I 
I I 
i 
! 
I 
I 
I 
I I 
I I ! 
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Table EJ . Hydrogen Ion C oncentrations in Filter Effluent (H+ X 1010 ) 
-
-c!. 
� 
llo1 
� § 
llo1 z 0 
� 
� 1-t f • 
D!:I'Eln'ION '!'I:!E ( :ni."'lutes ) 
5 10 15 20 JO 
J98 398 44? 447 562 
891 '794 .562 794 708 
1000 708 794 562 ,562 
-m m bot bot m 
708 562 631 562 44? 
1259 708 794 6)1 562 
1259 1122 1000 1000 631 
1075 797 8o8 731 547 
562 708 .562 631 447 
1122 1 122 794 794 794 
1 585 1122 1000 1000 1259 
1090 � 785 800 -m 
� 
1259 562 562 562 
1000 .562 1122 '794 
1778 708 1000 1122 
1346 m 895 82b 
\'·· �:\ � 
562 44? 398 
�� ··· 1 122 891 891 t\ :;�\ 1 122 1000 1122 935 779 304 
Table E4. Analysis of Variance of F ilter Effluent 
Hydrogen Ion C oncentrations 
Source Sum of Degrees of i'!a&n Computed 
of Error Squares Freedom Square F 
Dosage 933080 . 5  4 2JJ270 . 1  2 . 98 
• 
Time 8eJ)81J, . 7  4 220846 .2 2.32 
Interaction 71 5644 .2 1 J  
55049 . 6  0. 70 
Error I )449108 . 7  44 78J88 . 8  
Total 5750141 . 0  65 
• significant at the 5 per cent level 
I 
I I 
I 
I 
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APPE NDI X F 
IRON AND MANGANESE : 
RESULTS AND STATISTICAL ANALYSES 
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Table F1 .  Soluble Iron in CC-2 E:ffluent (mg/1) 
DE'l'ENTION TIME (minutes) 
5 10 1 5 20 
1 . 80  1 . 80 0 . 94  1 . 10 
2 . 40  2 . 10 1 . 60 1 . 00 
0 . 98 o . 80  0 , 6? 0. 4? 
T:73 1 . 57 D57 � 
0 . 02  0,02 0 , 01 0 . 02 
0 , )8  0 , 02 0 , 05 o . os 
0 . 29 0 , 04  0 , 02 0 , 02 
0 .2J 0":03 o . o; 0 . 0) -
0 , 01 0 . 02 0 , 02 0 . 02 
O , OJ 0 , 0) O , OJ 0 . 01 
0 , 0) 0 , 02  0 . 06 0 , 02 --
JO 
0 . 55 
O . J5 
0 , 14 
O . J5 
0 , 02 
o . o? 
0 , 0) 
0 . 04  
0.02 
o . oa 
0 . 02 
0 , 02 0:02 0 , 04 0 , 02 . 0 , 04  
� 
o . o; 0 . 02 0 . 01 
o .o; O , OJ O . OJ 
8 0 , 02 0 , 02 0 , 01 
O . OJ o:o2 o:o2 
\'"' ',!'\ � 
0 . 04  o . o; 
o . o; O . OJ �M •� 
12 �.:.;.�\ 0 . 1 0  O . OJ O":Ob O , OJ 
Table F2 . Analysis of Variance of CC-2 Effluent 
Soluble Iron Concentrations 
Source Sum of Degrees of �ea.n Computed 
of Error Squares Freedom Square F 
Do�e 12 . 4.540 4 ) . 11)5 49. 01 
Tillle 1 . 2639 4 O , J160 4. 97 
Interaction I 2 . ,5461 1 3  0. 1959 J, OB 
!!rrar 2 . 7950 44 0. 06)5 
Total 19. 9488 65 
- significant at the 1 per cent level 
0 . 0) 
0 . 02  
0 . 02 
D:02 
0.04 
0,04 
0 . 01 
o . o; 
-
-
I -
I 
75 
I 
I j 
I 
I 
I 
I 
I 
I 
I 
I I 
I 
�I 
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I Cj < § � I I � 
i � 
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Table F3 . Soluble Manganese in CC-2 Effluent (mg/1) 
�:TIO!i Tn!E (::Unutes) 
5 10 15 20 
1 . 90 2 . 00  2 . 10 2 . 20 
2 . 10 2 . 10 2 . 10 2 . 00  
0 
2 . 40  2 . )0 2 . 40  2 . 70 
2 . 10 2:1o 2.2o 2 . )0 
1 . 70  1 . 60 2 . 00 0 . 52  
2 2 . )0 2 . 10 1 .20 1 . 60 
2 . 40 1 . 80  1 . 60 2.40 
2 . 10 1.8o 1.6o 1 . 50 
0 . 05 0 . 01 0 . 01 0 . 04  
0 . 59 1 • .50 
4 
o . o; 0 . 2J 
0 . 02 1 • .50 O . J6 0 . 01 
0 . 22 r:oo Q."I4 o.D9 
� 
0 . 12 0 . 16 0 . 11 
8 
0 . 17. . 0.1) o . o.s 
0 . 1 1  0 . 09 0 . 06  
0 . 13 0.13  0 . 07 
\; .. ',!\ � 
0 . 19 0 . 18 
�, .. 0 . 19 12 0 . 17 :;�\ 0.21 0 . 18 o:ro 0 . 18 
Table F4. Analysis of Variance of CC-2 E:ffluent 
Soluble Manganese C oncentrations 
Source Sum of Degrees of :1ean Cocputed 
of Er=ar Squares F:r:eedom Square F 
Dosa.ge 4?. )619 4 11 . 840.5 10L;..67 
Time 1 . 1439 
4 0. 2860 2 . 5) 
Interaction 
i 2 . 1'798 0. 167'7 I 1 3  1 • .J.S 
I 4. 9776 44 0 . 11)1 I - l:r.rar l 
Total 59 . 4686 65 
... signi.ficant at the 1 per cent level 
JO 
2 . 10 
2 . 00 
2 . 40 
2 . 20 
1 . 20 
1 . 10 
1 . 50 
1 . )0 
0 . 02 
o . OJ 
0 . 01 
o:02 
0 . 11 
o . os 
o . o.s 
Q.07 
0 . 14 
0 . 1) 
0 . 1 ) 
0 . 1 ) 
I 
I 
I 
I I 
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Table F) , S oluble Iron in Filter Effluent {mg/1)  
Drrmr:ICN TD!E {minutes ) 
s 10 1 5 20 
0 , 02 0 . 02 0 . 03 O , OJ 
0 . 02 0 . 04  0 , 02 0 , 02 
0 0 . 02 0 . 02  0 . 03 0 . 02 
Q.02 0 , 03 O , OJ D.'02 
0 . 01 o . os 0 . 02 o . os 
o . oa 0 , 02 o . os 0 . 04  
2 0 , 02 0 , 02  0 . 02 0 . 02 
o:o:4 O , OJ - O , OJ 0 , 04 
O , OJ 0 .04 0 . 01 0 . 01 
0 . 04  0 , 02 0 . 02 0 , 02 
4 0 . 02 0 . 02 0 . 01 0 . 04 
o . oJ o .o3 o:or Q.02 
� 
o . oJ 0 . 02 O . OJ 
O . OJ 0 . 03 O , OJ 
8 0 . 02 0 . 04  o . o.s 
o:Dj o:Dj 0 . 04  
\ ; .. ',:\ � 
o . os 0 . 01 �M- 0 . 03 O , OJ 
12 .:�.�\ 0 . 02 0 , 02 O . OJ 0 , 02 
Table F6 , Analysis of Variance of Filter Effluent 
Soluble Iron Concentrations 
Source SUil o'f Degrees o'f Mean :omputed 
o'f Error Squares F':'eed.om Square F 
Dosa.ge 0 . 00026111 4 0 , 00006.53 O . JO 
Time 0. 000047'78 4 0 . 0000119 o . os 
Interaction 0 . 002492?8 1 3  0 , 0001917 0 . 37 
£rror 0 . 00966667 44 0 . 0002197 
Total · i 0 , 01246212 65 
JO 
0 . 04  
O , OJ 
0 . 02 
O , OJ 
0 . 02 
0 , 02 
0 . 02 
0 . 02 
O , OJ 
0 . 06  
0 . 02 
0 . 04  
0 . 02 
0 . 02 
0 , 01 
D.02 
0 . 06  
0 , 02 
0 . 01 
O , OJ 
I 
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Table F7 . Total Iron in Filter Effluent {mg/1)  
DE'l'ENTICN TTI-!E (minutes) 
5 10 15 20 JO 
0 . 14 0 . 1) 0.10 0. )4 0 . 1� 
0 . 04  0 . 04  0.11  0 . 08 0 .13  
0 
o . OJ 0. 03 0 . 03 0. 05 0 . 06  
0 . 07 0 . 0? 0 . 08 0 . 16 o.rr 
0 . 1 0  0. 14 0 . 06  0 . 05 0 . 05 
2 
o . os 0 . 04  0 . 05 o . 06  0 . 07 
0 . 14 0 . 02 0 . 03 0 .05 0 . 02 
0 . 1 0  o:o? 0 . 05 0 . 05 o .os 
O . OJ 0 . 06 0 . 02 o . �  o. OJ 
4 
0 . 02 0 . 04 0 . 05 0 . 07 0 . 09 
0 . 02 0 . 02 0 . 04  o. oJ 0 . 07 -
o:02 D.04 D.04 0. 05 o:og 
� 
o. o3 0 . 02 0 . 06  0 , 02 
0 . 03 o . oJ 0 . 04  
8 
0 . 0) 
0. 02 0 . 02 0 . 09 0. 05 
o . o3 0":02 0":'00 0 . 04  
\;., ',� � 
0 . 05 0 . 02 o . oa 
12 �� ... 0 . 04  0. 02 0 . 02 :;�\ 0. 02 0. 02 0 . 02 Q.04 0 . 02 o:ot 
Table F8 . Analysis of Variance of Filter Effluent 
Total Iron C oncentrations 
Source Sum of Degrees of Mean Computed 
of Error Squares Freedom Square "! 
Dosage 0 , 0)86.3 iJ. o . oo966 �. t.s -
Time 0 . 00571 1.:- 0 , 00143 I 0 . 66 I 
I i Interaction I 0 . 02233 13 0. 00172 0 . 79  I j 
I 
�or 0 . 09540 1.;.4 0 . 00217 i 
Total 0 . 16127 65 i 
* � 1cant at the 1 per cent levle 
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Table F9 . S oluble Manganese in Filter Effluent (mg/1) 
DE!'EYI'.!CN T:4iE (minutes) 
5 10 1.5 20 30 
0.19  0 . 15 0.24 0 .24 o . 6o 
0 . )0  0 . 19 0.19 0 . 14 0 . 1 1  
0 0 . 09 0 . 17 0.29 0 . )? o . 45 
-- o:I7 0.24 0 .25 0 . )9 0 .19  
0 . 70 0 • .56 0.47 0.48 0.49 
0 . 02 0 . 1 1  0 . 01 0 . 01 0 . 01 
2 
0 . 07 0 . 02 0 . 02 o . oa 0 . 19 
0.26 0.2) 0 . 1? 0 . 19 . 0 . 2) 
0 . 44  0.4) �-- 0 . 61 0 . 52  0 . )9 
0 . 02 O . OJ 0 . 02 0.15 0 . 07 
4 
0 . 06  0 . 04 0 . 02 0 . 02  0 . 02 
0 . 1? 0 . 1? 0 .22 0. 2) o.I6 
� 
0 . 02 0 . 41 O . JJ 0 . )5 
8 
0.02 0 .. 02 0 . 02  0 . 0) 
0 . 04 0.02 o . oJ 0 . 02 
O . OJ 0 . 15 0 . 1 ) 0 . 1) 
\'·· �:\ � 
0.29 O . J) O . JO 
�� �· 0 . 02 0 . 02 0 . 01 12 \ ::; \ o . oJ 0 . 05 0 . 02 o:Tr 0.1)  0 . 11 
Table F1 0 .  Analysis of Variance of Filter Effluent 
Soluble Manganese Concentrations 
Source SUII of Det;rees of Mean :omputeci 
of Error Squares Freedom Square F 
Do�e 0 . 191)6 4 0 . 04784 1 . 02 
Tillle o . oJ686 4 0. 00922 I 0.20  
Interaction I 0. 10662 1J 0. 00820 � . 17 I 
Error 2 . 0'7200 44 0 . 04709 I 
':'otal 2 . )9804 65 
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Table F1 1 .  Total Manganese in Filter Effluent (mg/1) 
DEml'l'ION TIME (m.inutes) 
5 10 15 20 JO 
0 . 19 
_
0 . 15 0.24 0.25 0.61  
0. )0 0 . 18 0 . 19 0. 13 0 . 11 
0 0 . 08 0 . 1 6  0.28 0 . 3? 0 .45 
0 . 19 � o:v; 0.2.5 0 . 39 
o. '70 0 • .5? 0. 4? o . so o . so 
2 
0 . 01 0 . 1 0  0 . 01 0 . 01 0 . 0? 
0 . 06  0 . 02 0 . 02  0 . 08  0 . 18 
0 . 26 0 . 23 o:I? D.20 0 . 2.5 
-
0 . 44  0 . 48  0 . 6 1  o . s3 0 . 41 
0 . 02 0 . 02 0 .03 0 . 1.5 0 . 09 
4 0 . 06  0 . 03 0 . 06  0 . 02 0 . 02 
o:t7 "O":""m 0.23 D.'fj 0.1?  
� 
0 . 02 O . J9 O . J4  o . J6  
o . o.s 0. 07 0 . 02 0 . 04  
8 o . o3 0 .02 o . oJ o . os 
o . oJ 0 . 16 0 . 13 0 . 1.5 
\ '" ',:\ � 
O . JO  O.J4 0. 30 �M •eo 0 . 02  0. 02 0 . 02 
12 :�.�\ O , OJ o . o3 0 . 02 0':12 0. 13 0 . 11 
Table F12 . Analysis of Variance of Filter Effluent 
Total Manganese C oncentrations 
Source S um  of Degrees of i{ean C omputed 
of EtTer Squares Freed. on Square F 
Dosa.ge 0 . 183.5? 4 0.04589 0 . 96  
Ti.Jae 0 . 04??3 4 0 . 01193 0 . 2.5 
Interaction 0 . 1051? 13 0 . 00809 0 . 17 ! 
2 . 10?0? 44 0 . 04?89 I �or I 
Total 2 . 42710 6.5  
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Table FiJ. Iron aJXl Manganese Concentrations in Filter 
Influent as a Function o:f Time {mg/1) 
Total Total Soluble Soluble 
Iron Manganese Iron Manganese 
. 25 4.2 2 . 3  o . oJ 0 . 19 
4 5 . 0  2 . 4  0 . 02 0 . 17 
8 4 . 4  2 . 3  0 . 02 0 . 19 
12 3 . 2  2 .4 o . o1 0 . 17 
16 2.9 2 . 4  o . o1 0 . 19 
20 2.4 2.5 0 . 04 0 . 20 
24 2 . 6  2 . 6  0 . 02 0.17 
28 2 . 7  2.5 0 . 02 0.21 
J2 2 . 7  2 . 4  0 . 02 0 . 21 
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Table F14. Iron ani Manganese Concentrations in Pilot Plant 
Effluent as a Function of Time (mg/1) 
Total Total Soluble Soluble 
Iron Manganese Iron Manganese 
. 25 0 . 05 0 . 03 o . o1 0 . 01 
4 0 . 03 o . o2 0 . 02 0 . 01 
.. 
8 0 . 02 0 . 02 0 . 01 0 . 01 
12 0 . 02 0 . 02 o . o1 0 . 02 
16 0 . 02 o . o2 0 . 02 0 . 02 
20 0 . 03 0 . 02 0 . 02 o . o1 
24 0 . 05 0 . 03 0 . 01 0 . 01 
28 0 . 23 0 . 16 0 . 02 o . o1 
32 2 . 0  1 . 4 0 . 02 0 . 01 
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Table F15 . Iron Removal Profiles Through Filter Medium 
TotaJ. Iron Soluble Iron 
Concentration {mg/1) Concentration (mg/1) 
Hours Since 
0 . 25 16 32 0 .25 16  32 Filter Backwash 
?. 6  0 . 44  3. 7 5 . 0  0 . 02 o . o2 0 . 02 
15 . 2  0 . 16 3 . 3  3.5  0 . 12 o . o3 0 . 02 
·-
22 . 9  0 . 1 0  3 . 0 3. 6 0 . 03 0 . 02 0 . 02 
_.... 
s 0 30. 5  0 . 10 2 . 6  1 . 8  0 . 02 0 . 02 0 . 02 ....._,. 
§ 
ori 'S 
o . o6 1 . 6  2 . 0  0 . 02 0 . 03 0 . 02 ::E: 38. 1  
� 
+l 
� 
li. 45. 7  0 . 05 0 . ?9 3 . 3  0 . 02 0 . 03 0 . 02 s:: 
ori 
� � 
Q) 53. 3  o . o4 0 . 13 3.4 0 . 01 0 . 01 0 . 01 A 
61 . 0  0 . 03 0 . 07 2 . 1  0 . 02 0 . 02 0 . 01 
68 . 6  o . o4 0 . 02 2 . 0  0 . 01 0 . 01 0 . 03 
Filter 0 . 05 0 . 02 2 . 0  0 . 01 0 . 02 0 . 02 Effluent 
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Table F16 . Manganese Removal Profile Through Filter Medium 
Total Manganese Soluble Manganese 
Concentration (mg/1) Concentration (mg/i) 
Hours Since 0 . 25 16 FU ter Backwash 32 0 . 25 16 32 
7.6  0 . 35 4. 0 4 .6  0 . 01 0 . 15 0 , 18 
15 . 2  0 . 18 1 . 9 2 . 5 0 . 01 0 , 08 0 . 16 
·-
22 . 9 0 . 10 1 . 7  2 . 7  0 . 01 0 . 02 0 . 11 
30 . 5  0 . 07 1 . 2 2 . 2  0 . 02 o . oo 0 . 05 
38 . 1  0. 05 0 . 77 1 . 6  0 . 02 o . oo 0 , 01 
45 . 7  0 . 05 0 . 41 2 . 4  0 . 02 0 . 01 o . oo 
53. 3  0 . 04 o . o6 2 . 5  0 . 01 0 . 03 0 . 01 
61 . 0  0 . 04 0 . 05 1 . 5 0 . 01 o . o1 0 . 01 
68. 6  0 . 03 0 . 02 1 . 5 o . o1 0 . 01 0 . 01 
Filter 
0 . 03 0 . 02 Effluent 1 .4 0. 01 0 . 02 0. 01 
84 
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Table G1 . Head Loss Through Filter Medium ( em) 
Hours Since Fil te:r Backwash 
0 . 2.5 4 8 12 16 20 24 --
2 • .5 8 . 9  22 . 1  31 . 0  37. 6 40 . 9  45 . 7  
4. 3 11 . 4  26 . 7  33. 5  43 . 7  .53 . 8  64. 0 
4 . 8 12 . 4  29 . 7  41 . 7 52 . 6  65 . 8  73 . 4  
6 . 1  13 . 7 31 . 0  42 . 5  54. 1 68 . 6  78 • .5 
6 , 6  14. 7 31 . 8  43 . 7  5.5 . 4  70 . 4  80 . 3  
7 . 4  1.5 . 7 32 . 8  44. 7  .56 . 6  71 . 6  81 . 8  
8 . 1  16 . 8  33 • .5 45 . 7  57. 7 '72 . 8  82 . 8  
-
8 . 9 17 . 8 33 . 8  46 . 7  58. 4  73 . 7  84. 1 
9 . 4  18 . 3  34. 5 47. 2  58 . 9  74.2 84. 6  
Total 9 . 6  18 . 5  )4. 8 �7 • .5 59 . 2  74. 4  84. 8 
86 
28 32 
50 . 0  .53 . 8 
68 . 1  79 . 2  
?9 . 2 91 . 9 
87. 6  99 . 1  
91 . 9  102 , 9 
93 . 2  104, 9 
94. 7  1o6 . 7 
96 . 0  108 , 0  
96 . 5  108 . 7 
96 . 7 109 . 2  
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Table H1 . Chlorine Demand of Pilot Plant Effluent (mg/1)  
DETENTION Tn!E (minutes) 
5 10 15 20 
4 . 4  5. 1  4. 0 ). 9 
4 . 4  ) . 6  ). 8 4. 6 
0 
5 . 0  4. 4 5. 0  4. 9 
4:b � 4. J 4.5 
4. 6 ). 7 4.2 4. 1 
4.4  J. O  4.0 J . 4 
2 
4. 0  4. 8  4.6 4. 1 
4.3 J. 8  4.5 ). 9 
4 . 0  4. 0  ). 7 4. 1  
) . 5 4. J 4.2 ). 5 
4 . 9  ). 8 4.2 4. 8 
4.T 4.0 4.0 'G 
J . 8  J. 7  
). 8 4.2 
8 
). 8 ). 6 
3.8 ). 8  
4 . 6  ). 6  
J. 7 4.2 
12 4 . 5  4.0  
4.3 ). 9 
Table H2 . Analysis of Variance of Pilot Plant 
Effluent Chlorine Demand 
Source Sum of Degrees of Mez.n Computed 
of � Squares Freedom Square F 
Dosage 2 . )3235 4 0 . 58J09 2 . 68 
Tillle 0 . 53885 4 0 . 1)471 0 . 62 
Interaction 1 . 67521 13 0 . 12886 o. ;9 
Error I 9 • .58667 44 0 . 21789 
Tota.l 14. 37939 65 
* signi:ficant at the 5 per cent level 
JO 
4. 1  
4. 6 
4 . 9  
4. 5 
4.2  
J . S  
4 . 0  
4.0 
2 . 8  
). 6  
4 . 0  
) . 5 
4.0  
4.2  
4.2 
4.1 
J. 7 
). 8 
4.4 
4.0  
* 
I 
I 
I I 
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89 
• 
DESC R I P T I O N  O F  TH E TRE ATMENT PROC ESS 
AT TH E S I O U X  FAL L S  WATER TR EATM E NT PLANT 
The c i ty of  S i o u x  F a l l s ,  Sou th D ak o ta o b t a i n s  i t s water s u p p l y  
·from the B i g  S i o u x aq u i fer bel ow and ad j acen t  t o  the  B i g  S i o u x  R i ver 
no r t h  of S i o u x  F a l l s .  W h i l e  there are two s u rface s u pp l y  i n t ak es on 
the d i vers i o n c an a l , the c i ty depend s on a f i e l d of 34 we l l s  to pro ­
v i d e  the water  needed . The treatmen t  p l a n t  i s  des i g n ed pr i mari ly  to 
remo ve i ron  and m a n g a n e s e  and parti a l l y  soften the water . 
A f l ow d i a g r am of th e treatment  p l a n t  i s  presen ted i n  F i g u re 
1 1 .  Upon enter i n g  the  p l an t ,  the water rece i ves  an i n j ec t i on of 
ch l or i n e , m i n i mi z i n g the po s s i b i l i ty of b acteri a p a s
-
s i ng t h ro u g h  the 
fi l ter  bed . Fo l l ow i n g  prec h l o r i n at i on , the water enters  s o l i d s con ­
tac t b as i n s  where s l ak ed l i me ( C a ( OH ) 2 )  and a po l ymer i s  add ed . L i me 
remo ves i ro n  and man g an e s e  and al s o  prec i p i t ates h a rd n es s . The 
po l yme r i s  add ed to i mp ro ve f l occu l a t i on . Nex t , the c l ar i f i ed 
eff l ue n t  from the  s o l i d s  co n t ac t bas i n s f l ow s  to a rec a rbo n a t i on  b as i n 
where c arbon d i o x i de ( C0 2 ) i s  add ed to adj u s t  the a l k a l i n i ty to pre­
ven t  a bu i l d u p  o f  c a l c i um c arbon ate ( C aC0 3 ) on the  gr a i n s  of the 
fi l ter med i a .  I n  add i t i on , pho s ph ate i s  added to he l p  s ta b i l i ze the 
wa ter . 
P ri o r  to f i l tr at i o n , the  water i s  c h l o r i n ated to k i l l  unwan ted 
bac teri a and f l uor i d ated to ai d i n  the preven t i o n  of  toot h  dec ay .  The 
rap i d g r av i ty fi l ters  have  a med i a con s i s t i n g  o f  ant h r ac i te o r  a com ­
b i n at i o n of an t h r ac i te and sand or gravel  or  bot h . The fi l trati o n  
90 
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Figure !1 , Sioux Falls Water Treatment Plant Flow Diagram 
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proc es s scree n s  o u t  any rema i n i ng s u spend ed i mp u r i t i e s . The f i n a l  
pu r i f i ed water i s  s tored i n  a l a rge c l e arwe l l before b e i n g  pumped o u t  
i n to t h e  d i s tr i b u t i on sy s tem . 
T he u s u a l c h emi c al dos ages u s ed i n  the water t r e atmen t  process  
ar e as fo l l ows : 
L i me . • • • • • • • • . • • • • • • •  300 mg / 1  
P o l yme r . • • • • • . • • • • • • •  O . l mg/ 1  
-
C h 1 o r i n e  • • • • • . • • • • • • •  8 . 5  mg / 1  
F l uo r i de  • • • • • • • • • • . • •  l . 5  mg/ 1  
P ho s p h ate • • • • • • • • • . • • l . O mg / 1  
e 
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ESTIMATI�lG TH:: :oST CF CZONATIG�l � 'JATER �:::...\':'�:'!' 
Assumptions : Treatment Pla.nt Des� Capacity = .52 !'!;;D 
Applied Ozone Dosage a 4 - 8 �/1 
Detention time in contact chamber = 5 minutes 
R equired C z one :;eneration Capacity = ( 8 , J4) ( �D) (mg/l) 
( 8 . )4) (.52 ) ( 8) 
R equired Contact Ch&mber Volume 
.. )469 lb/d&y 
= 1574 kg/day 
( 7. 481 gal/ft ( 1 mili/day) 
= 24, 135 ft.J 
= 684 m3 
Table J1 . C omputation of C ost-Updating Indic es 
Oct . 1978 AtrL. 198t· April 1981 V&l.ue 
Cost Component Cost Index V&l.ue V&l.ue 
of Index af Index Oct ,  1978 Va.lue 
Exc&vation and ENR W�e Index for 247 . 0  292 . 0  1 . 1 8 
S itework Skilled La bar . 
Manufactured Equi}XIIent 
BLS Gener&l Purpose 221 . 3  28) . 5  I 1 .2 8  l"'.a.chl.nery a Equi;aent· 
Concrete 
BLS ':oncrete Ingred1- 221 . 1  289 • .5 1 . )1 
ents 
3LS S tell MUJ. 262 . 1  330 . 6  1 . 26 
S teel Products 
�bar 
ENR iiA€e !!'ldex for 247 . 0  292 . 0  1 . 18 Skilled Labar 
� ousin.g 
ENR SuiJ.dir.g C ost 2,54. 8 30.5 • .5 :. . 20 
:ndex 
1 3LS Producer Price In-
l'lain'tenance � teria.l.s dex for F1n.ished J oods . 1 99 . 7  
267 . 7  1 . 34 
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Table J2 . C omputation of Costs of Oz onation 
I 
I 
• 
! • >-en 
! 
w • .. • i � 
.. 
J I � u 
w "' • .. c 0 u 
Tota.l 
Total 
i 
l Cost &a of 
Cost C omponent October 1978 I (dollars ) ! 
:ia.nufactured Equi.paent I 1 , 61 5 , 980 
Concrete 2 , )80 
Steel 2 ,440 
Labor 286 ,200 
Housing - 44 , 770  
Subtotal 1 , 9.51 , '770 
Mi(cell&neous and Contingency 
15 per cent of subtotal) 292 , 770 
TOTAL 2 , 244 , ,540  
Excavation and S itework 2 , 700 
C oncrete 8 ,  7.50 
Steel 14, 980 
Labor 2 0 , 510 
Subtotal 46 , 970 
�iscell&neoua and Contingency ( 1 5  per cent of subtotal) 7, 050 
TCTAL ,54 , 020 
C onstruction Cost 2 , 298 , .560 
�inte na.nc e  M& teri.a.ls I )1 , 1 50/yr 
EJ.ec�ie&l. Energy ( 2 ,?68 ,280 kW-hr/yr )( $0 , 0)5/kW-hr )  
:.abor ( 2 , 920 hr/yr ) ($10/hr ) 
C peration and Maintenance Cost 
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) , 120 
) , 070 
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.5), 720 
2 ,.:.66 , 080 
)69 , 910 
2 , 8)5 , 990 
), 190 
1 1 , 460 
1 8 , 870 
24, 200 
57 . 720 
8 , 660 
66 , )80 
I 2 , ?()2 , )70 ' 
.o.1 ' 740/yr 
96 , 390/yr 
t 29 , 200/yr 
1 6 7 , 3)0/yr 
Computati o n  o f  Total An n ual Cost o f  Ozonati o n  
Ta = Ca + O&M 
Ca = ( CRF ) { Ct ) 
C RF  = i + i 
( 1  + ; ) n - 1 
where : Ta = total ann ual cost 
Ca = ann ual repayment on construc ti o n  cost 
O&M = annual operati o n  and mai nten anc e c ost 
Ct = total constructi on  cost 
CRF = capi tal recov ery fac tor 
i = ann ual i n terest rate 
n = number o f  year s i n  repaymen t peri od 
Computati o n  o f  Co st per 3 . 79 m3 ( 1 000 gal l ons ) 
O&M/ 1 000 gal = 1 000 O&M 
( 1 5, 000, 000 gal / day ) ( 365 days/yr ) 
Total Ann ual Co st per 1 000 gal l ons = 
1 000 Ta 
(15, ooo, ooo gal/day)(365 days/yr) 
Wher e : o&M = ann ual oper ati on and mai ntenanc e cost 
Ta = total ann ual cost 
• 
